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TECHNICAL REPORT R-92

AN INVESTIGATION OF THE EFFECT OF HIGH TEMPERATURE ON THE
SCHUMANN-RUNGE ULTRAVIOLET ABSORPTION
CONTINUUM OF OXYGEN'

By Jonx 8. Evans and Cuoarnes J. Scnexyayoper, Jr.

SUMMARY

A theoretical and erperimental investigation has
been carvied out to determine the absorption coefficient
of molecwdar arygen at high temperature.  The
wavelength range was chosen to cover the Schumann-
Dunge continwwm between 1,300 and 1,750 angstrom
units.  The theoretical inrvestigation corered temper-
atures from 300° to 10,000° K. The erperimental
rvestigation was carried out i the range from 4,000°
to 10,000° K. All values of the absorption coefficient
found apply only to orygen for which the vibrational
degree of freedom is fully ereited.

Three types of theoretical caleulations were carried
out: (1) “reflection” of the ground-state ware func-
tions by the potential curve for the eccited state, (2)
caleulation on an IBM 704 electronic data processing
machine of vibrational vverlap integrals with Morse
etgenfunctions being wsed for the grownd-state wave
Sunctions and computed solutions of the Schridinger
equation being used for the ercited-state wave func-
tions, and (8) wuse of a simplified formula for the
absorption coefficient which is applicable (at least in
privciple) to all diatomic molecules at all tempera-
tures.  An empirical eorrection for the variation of
electronic transition probability with internueclear
distance was also ineluded and was found to improve
the agreement between theory and experiment.

The experimental investigation was carried out
by using a 1-inch-diameter shock tube to produce
high-temperature samples of orygen, air, and a miz-
ture of 10-percent orygen in argon. The absorption
ina I- by 3-millimeter beam of ultrariolet light was
recorded as a function of time duwring the passage
of shock wares.

The erperimental measurements erhibited con-
siderable  seatter, which was attributed chiefly fo
unsteadiness of the Gght sowrce.  Nevertheless, the
general agreement of measurements uith caleulations
was adequate to show that the method of caleulation
ts valid and that the magnitude and temperature
dependence of the theoretically determined coefficient
are essentially ecorvect for wavelengths larger than
DBelow this warvelength the
absorption coefficient valies given are estimates baszd

1,375 angstrom units.

on a few experimental points.

The measured absorption coefficient generally iwas
larger in oxygen-argon mirtures than that predicted
by theory, whereas it was smaller tn pure orygen.
The discrepaney betwween theory and experiment could
not be accounted for in the pure-oxygen results,
but it was largely removed for the orygen-argon
results when the theoretical coefficients were recalcu-
lated o the assumption that only the grownd elec-
tronic state of the orygen molecule was ercited im-
mediately behind the shock front.
between theory and erpertment for the pure orygen
results was obtained by refaining the original axsump-
tion of complete electronic ercitation of oxygen 1mme-
diately behind the shock front.

No absorption eoefficients were obtained from the
tests made in air becawse the adjustment of witrogen
mibration Tuterfered with the accwrate determination
of the jump in light {ntensity across the shock front.
The air data are reported and discussed, howerer,
because of the light they throw on the measurements in

Best agreement

oxygen and in oxygen-argon mirtures.

1 'The information in this paper is largely based on a dissertation submitted by John S.‘hv:ms in partial fulfillment of the requircments for the degree of
Doctor of Philesophy in Physies, University of Tennessee, Knoxville, Tennessee, December 1834,
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INTRODUCTION

The absorption coeflicient of a gus for light of
a given wavelength is commonly defined by the
relation

J =] et (1)

where J and .J, are the transmitted and incident
intensities of the light, respectively, & is the ab-
sorption coeflicient per centimeter, and pl is the
thickness i centimeters ol the absorbing gas
Iayer reduced to standard density. The absorp-
tion coeflicient for a given gas is a function of the
gas temperature and of the wavelength ol the
light.  Figure 1 is intended to illustrate the
general effect of these parameters on an absorp-
tion continuum like thut found in oxygen. 'The
wavelength dependence is such that the absorp-
tion coeflicient has a maximum value at a par-
ticular wavelength and falls off to either side.
Inereasing the temperature has three effects:
(1) The magnitude of the peak decreases
(2) The position of the peak shifts to shorter
wavelengths
(3) The range over which absorption occurs
spreads out to both longer and shorter
wavelengths
The oxygen continuum with which this report
18 concerned has a peak between 1,400 and 1,500
angstrom units and at room temperature extends
from 1,300 to 1,750 angstrom units. One of the

(]
S
©

4000°K

Absorption coefficient, em”™!
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Fiarre 1.—Absorption coefficient of molecular oxygen.
Typical curves.

reasons for attempting a quantitative evaluation
ol the effect of high temperature on this absorption
contintium is that the absorption can be used to
follow rapid changes in the concentration of
molecular oxygen, such as those which occur in
fast  chemical reactions behind shock waves.
Since the oxyeen involved in these processes is at a
much higher temperature than that at which
presently existing measurements of the absorption
coefliciant were made, knowledge of the tempera-
ture dependence of the ahsorption coefficient is
needed.

Values of the absorption coefficient measured at
room Ltemperature are listed in relerences 1 to 6.
These data are shown in figure 2. The two curves
which also appear in figure 2 are the results of two
theoretical ealculations (refs. 7 and 8).  Stueckel-
berg’s curve was caleulated specifically for oxygen,
but the other curve is an application to oxygen of
a general formula derived by Sulzer and Wieland
for calculating the absorption coeflicient of a
diatomic gas at any temperature from a knowledge
of its bsorption at 0° K and its characteristic
vibratinal temperature.  Camae and Vaughan
(ref. 9) have published experimentally determined
values at 1,470 angstrom units for temperatures up
to 8,000° K. 'Their measurements largely sub-
stantiate both the theoretical and experimental
results given herein.  The slight differences noted
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Ficure 2.—Absorption coefficient of moleeular oxygen;
measured values at room temperature.
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are discussed In the section entitled “Discussion
of Results.”

The only other results given in the literature
with which the work reported here could be
compared were those obtained by wusing the
formula of Sulzer and Wieland. Tn references 10
to 16 absorption coeflicients calculated from this
formula agreed well with measured values for
chlorine, 1odine, and bromine at temperatures up
to 2,000° K. Some typical curves and experi-
mental data {rom these papers are shown in
figures 3 and 4.

In this report both experimental and theoretical
approaches are made to the problem of determin-
ing the absorption coefficient of oxygen at high
temperature. High-temperature oxygen was ob-
tained by means of the compression occurring in a
shock wave passing through oxygen contained in g
steel tube. The gas was heated to temperatures
in the range of 4,000° to 10,000° K in a time which
was short compared with the instrumental resolv-
ing time of the order of a few tenths of a micro-
second. Light intensity as a [unction of time was
displaved on an oscilloscope screen and photo-
graphed.

70 -
60+ —— Sulzer-Wieland
formula
o 29°
a 55405 Gibson and
50+ o1038° K Bayliss' data

,em
Py
(@]

T

30+

Absorption coefficient

n
o
T

0 I I i 1
2,400 2,800 3,200 3,600 4000 4,4100
Wavelength, angstrom units

Freure 3.—Absorption coefficient of molecular chlorine.
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Froure 4 —Temperature dependence of absorption-curve
peaks.

In the theoretical approach three ealculations
were made.  They were:
(1) The reflection or delta function method
(2) A more claborate ealeulation in which a
digital computer was used
(3) Substitution into the formula of Sulzer and

Wieland
SYMBOLS

Ay normalization factor for the Morse ei-
genfunctions, [B(r, '—20""—1)(¢'")Y/
D(ae =)

a speed of sound, em/sec

a slope of potential curve for B(Z))
state at r,, erg per angstrom unit

B, spectroscopic constant, rotational {re-

quency, h/8x%cl,, em™!

Cy, Cs, Cy, 4 experimentally determined propor-
tionality constants (eqs. (8) and (11)
and appendix A)

¢ velocity of light, 2.9979X10" em/sec
D, dissociation energyv of the oxygen mole-

cule in the X(Z)) state measured
from the minimum of the potential
curve, 42,048 em™

d diameter of Rowland circle, equals
radius ol curvature of diffraction
grating, 39.888 cm (fig. 26)

) vibrational kinetic energy, erg

I* energy of absorbed light quantum, A»,
erg

i energy of final state measured from dis-
sociation level of B(*Z,) state, erg

F normalization factor for ¥ wave func-

tion, 241.89 1 #a~1e
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G energy of vibrational levels referved to
v’ =0 level as zero level, em™!
Y mole fraction of oxygen in initial gas

mixture (for oxvgen, g=1.00; for air,
¢=0.21; for oxygen-argon, ¢==0.1007)

h Planck’s constant, 6.6253 X 1074 erg-sec

I, moment of inertin of the molecule,
el granm-cm?

¢ angle of incidence (fig. 26)

J intensity of transmitted light, ergfem®-
SOC

Jy mtensity of incident light, ergfemisee

K rotational quantum number

k absorption cocefficient, em™

k(N absorption cocflicient of molecules in

#" level as a funetion of A, em™!
absorption coefficient of oxygen as a
function of wavelength at temperature
Toem b keN=N0 (D (V)
ko (¥) absorption coefficient of oxyvgen as a
funetion of wave number at tempera-
ture 77, ¢!

A'T(M

>

(O (}\) i'A'!" (>\) (I'”
Fr (N k7 (Y
for (5) =k Gy

ky maximum value of k(X)) curve at 0° K,
equals (essentially) peak value of k
at room temperature, 400 em™!

{ absorption path length, ¢m
M, shock Mach number, u,/q,
My dimensionless  velocity of flow hehind

shock, wuy/fay

Ny (T)  weighting fuctor for k..(\), represents
equilibrium  population  of  ground-
state  vibrational levels, (1/S) exp
(G he/xT)

n diffraction order (fig. 26)

p pressure, dyvne/em?

(i associated Laguerre polynomial,

2

r

Pl =) 25 (=D r 7 exp [ = jB (r—r,) |

() = J=0 .
! [ =D (e, =20 4 )]
R gus constant per unit mass
r distance between oxyvgen atoms in oxy-

gen molecule, angstrom units or em

S partition function for vibrational levels

of three lowest eleetronice states of
oxygen,

S=>Texp(—GoheisT)

9
+5 20 exp (— G ek T
) N ‘

+A]; 22 exp (=G pheixT)

8 distance between lines on diffraction
grating, 1.693107  em (fig. 26)

7 temperature, °IX

u gas flow velocity, em/sec

V vibeational potential energy, erg

v vibrational quantum number

Le=war, /@, =0.0076345
&y, T distaneces locating entrance and exit slits,
respectively (fig. 26)
Y distance of entrance and exit slits from
monochromator center line (fig. 26)

a degree of dissociation

8 Morse funetion constant for XX,
state,  per  angstrom unit (=4
(0.12177) Qwar)?=2.3935 was used
in the caleulations; however, g=
0121770 (u/D)?=2.6544 1s better
for plotting the whole Morse curve)

0% ratio of specific heat at constant pres-
sure to specific heat at constant
volue

€ angle between grating normal and mono-
chromuator centerline (fig. 26)

¢ diffraction angle (fig. 26)

limensionless enthalny Enthalpy

2 dimensionless enthalpy, BT

¢) characteristic vibrational temperature
for X(®X;) state, 2,260° K

K Boltzmann’s  constant, 1.3804< 10"
erg/deg

A wavelength of light, angstrom units

m reduced mass of oxygen atom, 1.328%
107 gm

v frequency of absorbed light quantum,
see”!

v wave number, 1/A, em™!

Vi wave nuinber corresponding to maxi-
mum of k4(%) curve at 0° K, 69,000
em™!
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Ay, natural half breadth of kp(%) curve at
0° K, 6481 em™!

p gas density, gram/em?

) reduced gas density, gp/p,

7 density ratio across shock front, py/p;

b normalized Morse vibrational wave func-
tion for .X(®°Z,) state

'z unnormalized vibrational wave funetion
for B(3Z7) state

Q electronic  transition probability for
X(OZg)BCE)

w, spectroscopic constant of X (*X.) state,
vibrational frequency, 1,580.361 em™!

Welle spectroscopic constant of .X(*X;) state,
anharmonicity correction, 12.0730em ™!

Subsecripts:

1 gas immediately in front of shock

IT gas immediately behind shock

e minimum of vibrational potential curve

maz maximuin

8 zas at 273.2° K and 1 atmosphere pres-
sure or turning point of vibrational
motion in the BEEZ) state, as ap-
propriate

v vibrational quantum number

Superseripts:

s

upper state of Sehumann-Runge tran-
sition, that is, the B(X;) state

r lower state of Schumann-Runge tran-
sition, that is, the X(*Z;) state

a the a('a,) electronie state of Q,

b the d(!Z}) electronic state of O,

THEORETICAL CALCULATION OF ABSORPTION
COEFFICIENT

BACKGROUND MATERIAL

Discussion of molecular state transitions re-
sponsible for Schumann-Runge absorption.—The
absorption continuum under study adjoins the
Schumann-Runge molecular band system in oxy-
gen (discussed in ref. 17, p. 446) and is due to the
same electronic transition.  Kach electronic state
of a diatomic molecule has a characteristic poten-
tinl energy associnted with the vibration of the
nuclei along the line joining their centers. The
vibrational potential energy curves for the five
known clectronic states of the ), molecule are
shown in figure 5. Morse lunctions (discussed
in ref. 17, p. 101) were used; the constants were
obtained from reference 17 (p. 560) except for

636587 —62——2

=

[ H (3
T T T

n
T

Vibrational potential energy, electron volts

L L 1 ! L J
) 1o 15 20 25 3.0
Distance between nuclei, angstrom units

Fraure 5.—Vibrational potential energy of the oxygen
molecule.

the dissociation energy 12, which was obtained
from reference 18.

The three kinds of molecular energy which are
involved in the transitions responsible for the
Schumann-Runge band system are the electronie,
vibrational, and rotational energyv changes. A
short discussion of cach of these follows.

Electronic energy changes are represented by
vertical distances between the potential curves of
figure 5. The only transition between the known
electronic states of oxygen which is allowed by
strict application of the selection rules (ref. 17,
p. 240) is the B(Z;)<-X¢2}) transition which
gives rise to the Schumann-Runge band system.
Sinee the selection rules are not completely obeyed,
other transitions between these states do oceur,
but the absorption and emission due to them are
weak.

Some of the vibrational energy levels of the
states are ulso shown in figure 5. The individual
absorption bands of the Schumann-Runge system



6 TECHNICAL REPORT R—92—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

are due to transitions which originate in one of
the vibrational levels of the X(X7) state and
terminate in one of the vibrational levels of the
B(E-) state. The absorption continuum is due
to the same transitions exeept that the final state
lies above the dissociation limit of the I3 state,
AMolecules which have absorbed light in the con-
tinuum immediately dissociate into one normal
P and one exeited 2 atom (ref. 17, p. 447).
In electronie transitions there is no strict selection
rule for the vibrational quantum number (vef.
17, p. 194).

Ixamination of the individual bands in a
molecular band system with a speetroscope of
high resolving power reveals a fine structure
which is attributed to rotation of the molecules.
Figure 6 shows some of the rotational levels
associaled with the »””=0 and »""-=10 vibrational
levels of the X state of O, The selection rules
for rotutional transitions (ref. 17, p. 244) limit
changes in the rotational quantum  number
between T states to AK=41. This limitation,
plus the fact that the rotational energy level
spacing is small compared with the spacing of
eleetronic and vibrational levels, made it possible
to negleet the effeet of the change in rotational
encrgy on the ecaleulation of the absorption
coeflicient in the continuum.

Distribution of molecules over vibrational
states. At 0° I all the O, molecules 1n a given
sumple are in the @”7=0 level of the X state. In
order to ealeulate the absorption coeflicient at 0°
K only transitions originating in this lowest state
need to be considered. At higher temperatures
transitions from excited vibrational states have to
be taken into account. To do this the absorption
coefficient was ealeulated for each initial state as if
it were the only one and the overall absorption
coefficient was found by adding the contributions
from all the states.  Numbers representing the
population of the initial levels under the assump-
tion of vibrational ecquilibrium  were used as
weighting factors.  The expression used for eal-
culating the weighting factors was

Noo(TY=(1/8S) exp (— G he/sT) (2)
where

2
S=2>7 exp (— . hefx '1')—{—%2 exp (=G Ghe/xT)

+% 27 exp (— G he/xT)

140 -
(a) K (b) K
—_— 9
120 - =
—————
———————— 8
100}~ -
-------- 8
8ol ! -
- ——— 7
E
(8]
>
>
260 T 6 -
w
[ ——
- 5
40 = —_— 5
——————— 4
———————— 4
20 5 —
—_ 3
_______ 2 e o 2
} — |
ot~ ——=———=- 0 L e — - 0

(a) "' =0. by 2" —10.

Fravre 6 —Rotational energy levels of o'/ =—=0 and »'* =10
vibraticnal levels of X state of oxygen.  Dashed lines
indicate that transitions involving these levels do not
appear n the spectrum,  (Termm value=D8,..K(K+1),
where T==1.438 ¢! and 13y=1.280 cm~1)

G, =cnergy ol ¢ level (referred to @ =0 as the
zero level), em™; Gue=energy of #*? level
(referred to #" =0 as the zero level), em™L

Note that vibrational levels of the «(l4,) and
b('x)) states were included in the partition
funetion S.  Absorption of light by these states
is negligible and it is not necessary 1o consider
them in calculating the overall coeflicient exeept
[or theit appearance in the partition function.

Evideace will be cited for believing that, while
the a anil b states are excited immediately behind
a shock wave in oxygen, they are not excited
behind o shock wave in oxygen-argon mixtures.
Figure 7 shows the S(T) values appropriate to
each of these assumptions.
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10
— . Assurnes excitation of X(:"Eg“),a('Ag),
and b('E;) states
8
—— —— —— Assumes excitation of X<3Z&) state only
[
o
26f-
T
c
2
(=4
S
5a
2 /
| i { i J
o] 2,000 4,000 6,000 8,000 10000
Temperature,°K

Fiarre 7.—Vibrational partition funetion for oxygen.

The equilibriunm population of the vibrational
levels of the X, @, and b states is shown in figure
8 for 5,000° and 10,000° K. The population of
the rotational states of the » =0 and #" =10
levels of the .Y state is shown for the same tem-
peratures in figure 9,

The Franck-Condon principle.-—The absence of
selection rules for vibrational quantum number
changes occurring in eleetronic  transitions hus
already been mentioned.  The observed intensity
distributions are adequately explained by the

10

— %)

Olevel
|
|
1
I
]
|
1
>
—
™M
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U

T

Number of molecules in a given level

Number of molecules inv

=g T e
o] 4 8 12 6 20
Vibrational quantum number

Fravre 8.—Relative population of vibrational levels.
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Number of molecules in o given level

Number of molecules inthe A

40 60
Rotational quentum number

Frarre 9. Relative population of rotational levels,

quantum mechanieal formulation of the Franck-
Condon prineiple (discussed in ref. 17, p. 199,
and in ref. 19). The main idea in this prineciple
is that the eleetrons move so rapidly compared
with the heavy nuclet that the positions and
veloeities of the nuelei are unchanged in an elec-
tronic {ransition.  From the viewpoint of classical
mechanies the nuclei spend most of their time
near the turning points of the vibrational motion,
where they have zero veloeity.,  Thus, the most
probable transitions are those for which a (urning
pomnt of the upper state occurs at the same inter-
nuclear distance as a turning point of the lower
state.  In the quantum mechanical formulation
the transition probability is proportional to the

square of the vibrational overlap integral I \ @ (r)Y
(rydr, where ¢(r) is the vibrational wave function
for the lower state and ¢(r) is the vibrational
wave function for the upper state. 11 ¢(r) and
Y(») are replaced by delta Tunctions located at
the turning points, the elassical Franek-Condon
result is obtained.

The Jollowing expression for the absorption
cocflicient is based on equations given in reference
17 (pp. 201 and 383):

A, w2
Eorr V) = (Constan) ( QX112 (]"I qsl.uz//u'/') (3)
Al E
The factor I£* is the energy of the absorbed light
quantum. The factor 7 is a normalization factor
for the upper-state wave function ¢ and is defined
subsequently. The factor 7 is the energy of the
oxygen molecule i the final state measured from
the asymptote of the BEGET) eurve. This factor
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is not present in the expression for the absorption
coefficient for a diserete band but does appear
in the corresponding expression for a continuumn.
This is pointed out on pages 196 and 202 of
reference 19, but is not mentioned in the discussion
of continuum absorption given on page 39t of
reference 17, The latter treatment is not in
crror, however, because the F7 tactor cancels out
when the normalization of the ¢ [function is
considered.

The factor €18 the transition probability for the
electronic transition X(GZ)<B(*Z,) and is cus-
tomuarily assumed to be a constant. Theoretical
calculation of its variation with internuclear
distance is impractical because the necessary elee-
tronic wave functions are not known, but some
empirical treatiments have been given (ref. 19, p.
208; refs. 20 and 21). Herzberg (ref. 17, p. 394)
points to the excellent quantitative agreement
often obtained between theory and experiment as
justification for mneglecting this factor. Since
there is no reason why @ should be a function of
temperature, good agreement obtained between
theory and experiment at room temperature can
be used as a criterion of the adequacy of the
assumption that it is constant. Conversely, by
assuming that anyv discrepancies present at room
temperature are due to this assumption, the varia-
tion of €@ with internuclear distance can be caleu-
Iated. The approach used here is to follow the
usual procedure of assuming that @ is constant
and then later to introduce an empirical corree-
tion factor based on a comparison of theory and
experiment at room temperature.

Discussion of effect of neglecting rotation of
molecules.—Equation (3) ignores the rotation of
the molecules. This is commonly done in order
to cut down on the labor of the computations and,
for molecules with deep potential wells, does not
lead to large errors. The following discussion of
the considerations involved is similar to one given
in reference 10.

For a rotating vibrator centrifugal forces are
acting on the nuclet in addition to the usual re-
storing forees. The result is that the vibrational
motion takes place under the influence of an effee-
tive potential given by the equation (ref. 17,
p- 426)

Ve()=V@) +(Bor2rt) K(K+1) (4)

where V,(r) is the potential curve for the rotation-

less state, B, is the rotational constant A/87%/,,
K is the rotational quantum number, and 7, is
the moment of inertin of the molecule.  Figure
10 shows some of these curves for the X and B3
states of oxygen.

Most of the rotating molecules in the 11 lowest
vibrational levels of the X state have rotational
quantam numbers of the order of X=50 at a tem-
perature of 10,000° K. For the X state the mini-
mum of the effective potentinl curve as compared
with that of the rotationless state is shifted up by
3,574 cin™! and to the right from 1.207 to 1.220
angstrom units. At the left extremity of r values
used (r=1.08 angstrom units) the curve is shifted
up by 4,514 em™ and at the right extremity
(r=1.32 angstrom units) it is shifted up by 3,022
cm~l. The net effeet on the shape of the curve
when the upward shift of the minimum is sub-
tracted out is an upward shift of 940 c¢m™! at the
left extremity and a downward shift of 572 e¢m™!
at the right extremity plus a shift to the right of
the minimum of 0.013 angstrom unit. The
vertical changes amount to about 2 percent of the
depth of the potential well and the horizontal
shift of the minimum to about 5 percent of the
range of r values used. The effect on the I3 state
is almost exactly the same. The left extremity is
raised by 4,516 em™! (compared with 4,514 em™!
for the X state) and the right extremity is raised
by 3,024 em™! (compared with 3,022 em™! for the

10F x10%

N
T

gy,cm

F-Y
T

Potential ener

L i o 1 1
0 1 2 3 4
Distonce between nuclel, angstrom units

Fratre 10.—Effeet of rotation on potential curves.
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X state).  The minimum of the BB state does not
fall within the range of r values used. The vibra-
tional energy eigenvalues and eigenfunctions are
functions of the shape of the potential and thus
are slightly different for each rotational state.
These differences were neglected in using equation
(3), since only cigenfunctions for the rotationless
state were used in performing the caleulations.

It should be pointed out that the effects of
rotation on the potential curves were calculated
for the worst conditions being considered, that is,
at the highest temperature and at the extreme
values of ». It is also important to note that,
since both curves are affected in alimost exactly
the same way, the net distortion of the curves is
what is really important and not the total energy
shifts. In view ol the fact that the actual poten-
tial curves are not accurately known, the iAPProxi-
mately 2-percent energy shifts are not particulurly
serious. However, the 5-percent shift in the
minimum of the lower curve may have an appre-
ciable effect on the final results because it probably
shifts the peaks of the lower-state wave funetions
by roughly comparable nmounts.

A small amount of uncertainty is introduced
mto the energy change to be associated with a
given transition when  the rotational energy
changes are ignored.  The change in the rotational
quantum number must be £ 1, which means that
transitions differing in energy by twice the rota-
tional level spacing in the upper state are counted
to be the same. At A=50 two rotational level
spacings in the 3 state amount to 164 em™!,
This amounts to about 0.3 percent ol a typical
total
transition.

energy  change in a Schumann-Runge

CALCULATION OF ABSORPTION COEFFICIE? USING THE
REFLECTION OR DELTA FUNCTION METHOD

Calculation of initial-state wave functions. -
The problem of evealuating the absorption coefli-
cient wax reduced in equation (3) to the problem
of integrating the product of the vibrational wave
functions for the mitial and final states. For the
continuum  under study the initial states are
hound vibrational levels of the X¢2,) state. In
this caleulation they are represented by normal-
ized Morse wave functions (refs. 22 and 23).
These are solutions to Schrodinger’s equation when
¢ Morse potential s used for the vibrational

potential.  The following equations put these
statements into mathematical form:
A’ | ST s e
T Iy — g B\ N
g ) S L (5)
17" =DJ1—e-Br—7e]? (6)

o) = A Lo { =g e
=8l =y it = DBl @ @)

The somewhat simpler harmonic oscillator wave
functions (ref. 17, p. 76) could be used, but they
negleet the asymmetry of the potential eurve and
this has an appreciable effect on the higher vibra-
tional wave functions.

Figure 11 compares the Morse potential for the
A(2,) state with the parabolic potential (corre-
sponding to harmonic oscillator wave functions)
and also with the Dunham (refs. 24 and 25), the
Hulburt-Hirsehfelder (ref. 26), and the Rydberg-
Klein-Rees (discussed in refs. 27 and 28) poten-
tials.  Execept for the parabolic potential the

4~ x10%

O  Rydberg-Klein- Rees
Morse

— —— — Dunham
A Hulburt ond Hirschfelder
12 ——-—— Parobola
lO“—

Potential energy, cm”™!
o3}
T

/
!
4 - !
Range of 7 volues used |
\ /
I /
2r . |
//
i3
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Distance between nuclei, angstrom units

Fravere 11 Comparison of potential curves for X¢z)

state,
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agreement is good over the range of » values needed
(-~ 1.08 to 1.32 angstrom units). The Morse
potential was chosen not only because it appears
to be a fairly good representation of the X state
potential but also because, exeept for the para-
bolie potential, it is the only one mentioned which
leads to solutions of the Schrodinger equation in
closed form.

Substitution of delta functions for the final-
state wave functions. —For the continuum under
study the final state lies in a continuum of energy
states above the dissociation limit of the B(Z))
state and is represented by a wave function which
near the turning point resembles & bound-state
wave function.  However, as rapproaches infinity
the wave function does not vanish but becomes a
sine function, as is appropriate for the wave fune-
tion representing a free partiele. Good results
czn often be obtained by replacing this wave fune-
tion by a delta function located at the turning
point. This substitution is the basic assumption
underlyving the reflection method.  Herzberg (ref.
17, p. 201) dizscusses why this method works.
Briefly, it is successful because the main contri-
bution to the overlap mtegral comes from the
broad maximum near the turning point of the
finzl-state wave funetion.  Contributions from the
other maximums and minimums tend to caneel
each other so long as the oscillation frequency of
the final-state wave funetion iz large compared

with the frequeney  of the initinl-state wave
function.
The Morse, Dunham, Hulburt-Hirschlelder,

and  Rydberg-Klein-Rees potentinls for the £
state are shown in figure 12, Also shown are a
number of ealeulated points which indieate where
the B state potential should lie in order to give
agreentent  between  the absorption
predicted by the reflection method and the ex-
perimental data points shown in figure 2. The
procedure used to obtain these points is described

coeflicient

in appendix .\

The agreement among the three curves is not
good.  The data points show fairly good agree-
ment among themselves even though they are
based on three independent investigations and
were obtained by two different methods of eal-
culations.  Because of this the true course of the
potential is probably most nearly represented by
The curve
Adetailed

a curve drawn through these points,
found in this way is shown n figure 13.

|
8 | —— Morse
%) | ~— —— Dunham
| | — — —— Hulburt and Hirschfelder
L { O Rydberg-Klein-Rees
24 O Watanabe, Zelikoff, and Inn
| | & Ditchburn and Heddle
\a) |

-t

o

N
-

Potential energy, ¢cm
b
go¥® okt

8
(e}
9
(¢} | [ J
10 1.2 14 16 .8 20 2.2

Distance between nuclei, angstrom units

Fiavre 12, - -Comparison of potential curves for BEZ,)
state.

discussion ol the problem of acceurately deter-
mining molecular potential curves from spectro-
scopic data is given by Coolidge, James, and
Vernon (vef. 29).  Theyv do not deal direetly with
the dctermination of a curve above the dissocia-
tion limit, however.

Relation between energy of absorbed light
quantim and internuclear distance at which tran-
sition occurs.—The cnergy difference between a
given initial state and a given final state is the
cnergy of the absorbed light quantum f£*. The
value of » at the turning point of the upper state
is unicuely related to the energy of the final state
through the potential curve shown in figure 13.
The cnergies of the discrete initial states were
assumid to be the Morse cigenvalues for the X
state.  Thus, r, and £* were uniquely related for
a givey value of ©”’. The relation between r, and
E* fo1 »”/=0 is shown in ficure 14. In order to
find the relation between r, and £* for o' =1, 2,
and so forth, the energy difference between the
level involved and the =0 level was subtracted
from the E* value found {from the curve.

Procedure for calculating absorption coefficient
by reflection method.-—The procedure followed
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Fiavre 13.—Potential curve for B3Z,) state used in
caleulations,

in using the reflection method to calculate the
absorption cocflicient was as follows:

(1) Morse wave functions were caleulated for
cach of the 11 lowest vibrational levels of the X

state.  Some difliculty was encountered in evalu-
ating the associated Laguerre polynomials of

order four and greater beeause of the rapidly
increasing number of decimal places required to
obtain significant differences between the terms.
This problem was solved by finding the roots ol
the polynomials and then expressing the poly-
nomials in factored form.

(2) Equation (3) was used to caleulate 11
A A

koo (N) curves, where by (N =k, (N /k?. For these
curves ecach of the 11 lowest vibrational levels of
the .V state was in turn considered to be the initial
state in which absorption takes place. The
upper-state wave functions were replaced by prop-
erly normalized delta functions located at the
turning points. The [ollowing formula was the
result:

A

b N = b (1) = O 1R F* 0.8 (3)

10~ x 10

Derived from potential in figure I3

o Combination of reference | data with plot of

645"/3(];m¢o wdr)zogoms' re

8+ Combination of reference | data with plot of
e C3373¢ 42 against 7,
‘U’
LW

?_

6=

5! R 1 1 L ! L |

108 112 116 .20 124 .28 132
fyy angsirom unis

Frauvre 14.—Relation between E¥ and r.. (Curve is for
/=0, TFor higher vibrational levels subtract from 1%
the difference in energy between 7= :0 and o/ =2"".)

A
where figure 14 was used to relate £y (X) to
A
koo (7)) and () was chosen to make the maximum
A
value of A,(Z\)=1.

A
is given in appendix B. The k. (N) curves
obtained are shown in figure 15.

The derivation of this formula

A

Sotne of the &y (\) curves were not caleulated
over the entire range of wavelengths which s
available in ficure 15, The limits placed on the
curves are indieated in the figure by vertical lines
and correspond to the convergence limit of the
band spectrum, that is, to the dissociation energy
of oxvgen in the B state.  Note that the higher
the initial vibrational energy level the farther the
continuum extends toward longer wavelengths.
Thus, the sharp division between continuum and
band absorption which occurs at 1,750 angstrom
units for oxyvgen at room temperature (vef. 18, p.
110) is not present at high temperature.  Instead
there is a region of overlapping band and con-
tinuum absorption beginning at 1,750 angstrom
units and extending to longer wavelengths.,  New
bands also appear as a result of the population of
excited vibrational states of the .\ state. The
wavelengths and relative intensities of the bands
overlapping the continuum can be calculated by
the Franck-Condon method but were not included
in the ecalculations presented herein.  Fraser,
Jarmain, and Nicholls (ref. 30) have tabulated
some of the transition probabilities and Treanor
and Wurster (ref. 31) have observed some of the
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Frovre 15, Absorption coeflicient of oxygen molecules

in each of the T lowest vibrational levels,  Long-wave-
length limit corresponds to dissociation energy of oxygen

molecule,

bands. 'The extension of the continuum has
been observed by Golden and Myerson (ref. 32).

(3) The overall absorption coeflicient was caleu-
lated from the formula

for ) =N (1 (A 9)

where N (T) is the weighting factor based on the
equilibrivm population of the initial vibrational
levels. The curves obtained are shown in figure
16.  The discontinuities correspond to the long-
wavelength limits shown in figure 15, For figure
16 and all subsequent figures, complete equilibrium
of the elretronie states has been assumed unless

otherwisc noted,
A
Equation (9) neglects contributions to kz(X)
from all initial states for which ¢’">10. About

1.8 percent of the oxveen molecules are in the o' =
A

A
10 state 0t 10,000° K. Figure 15 shows that k,(3)
oscillates somewhat like a sine funetion with a
peak-to-peak amplitude of about 0.2 Thus, the

A A

average contribution of k(X)) to Az(A) at the
highest temiperature being considered 1s about
0.0018 with the actual contribution at a given
waveleng b varying from 0 to 0.0036.  Contribu-
tions like this have a very small effeet on the shape
of the distribution curve. Contributions from the
higher st: tes are even smaller and are more or less
randomly distributed over the wavelength range.
Thus, stepping the ealeulations at #""=10 is he-
lieved to have a negligible effeet on the shape of
the distribution curve.

CALCULA''TON OF ABSORPTION COEFFICIENT USING A
DIGITAL COMPUTER

Description of method and procedures. -As has
already | een mentioned, equation (3) reduces the
problent of ealeualting the absorption coeflicient to
the evaluation of the vibrational overlap integral

* 0
dpfd-. For the digital conputer caleulations
[
Morse eirenfunctions were used for the ground-
state ware functions and the exeited-state wave
functions were found by using the computer to
solve the Schridinger equation

s

dr?

S
h

The solution was started by specifving the val-
nes of ¢ and dy/dr at the turning point of the
motion in the upper state and was continued hy

+ “ [l —V () =0 (10)
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Ficere 16.- --Absorption coefficient of oxygen at tempera-
tures from 300° to 10,000° K. Long-wavelength limit
corresponds to that in figure 15.

the Runge-Kutia procedure (discussed in ref, 33,
p. 469) as far as needed into the region where
636587—62—3

(I"—V7)>0. The machine evaluated the over-
lap integral at the same time and the result

L)

J ¢L‘/'¢(/,'v

F2

obtammed at the end of the run was

where r, is the internuelear distance corresponding
to the starting point. It was only necessary to
integrate out to » values where the integral at-
tained a constant value since the integrand van-
ishes when ¢ vanishes.  Runs were made in the
opposite direction (that is, into the region where
(F"=1V")<0) from the same starting point to

s,
evaluate J ¢ dr and the two parts were added
J 0

to obtain I ¢ @dr.  The machine results in the

[t}

region where (/<'—17)< 0 were not satisfactory.
The trouble was due to the fact that d3/dr2>0
in this region, and the solution is therefore un-
stable.  Coolidge, Jumes, and Present reported
similar difficulty (ref. 19, p. 200). The problem
could have been solved by adjusting dy/dr at r,
slightly so as to obtain positive diverging and
negative diverging ¢ functions for nearly identical
values of dy/dr at r,. However, the required in-
tegrals were computed instead with a desk inte-
grator using Hankel functions for the ¢ functions.
Schiff points out that Hankel functions are solu-
tions of equation (10) when 77 is a linear function
of r (ref. 34, p. 182).  The tangent to the potential
curve was used for V7 in the Hankel solutions.

The following checks were made on the machine
results:

(1) For a few runs Hankel solutions were com-
puted over the whole range of » values necessary.
The tangent to the potential curve was used for
the potential function. The observed deviations
from the machine-computed ¢ functions were in
the correct directions and vanished as the point
of tangeney was approached.

(2) Plots of the integrand were made over the
range of 7 values used.  The junction of the two
parts at the starting point was smooth in every
cuse.

(3) Spot checks of the value of f o, Pl were

0
made with a desk integrator and were in satisfac-

tory agreement with the machine results.

The numerical values of the vibrational overlap
integrals are properly related to each other only
when normalized wave funetions are used. The
Morse wave funetions used were normalized but
the ¢ functions obtained from the computing
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machine were not. The necessary normalization
fuctor is shown in appendix O to be F=(Constant)
(@ YEY where @ is the slope ol the potential
curve at r,.

When 77 was substituted in equation (3) the
result was

*

A-;"’ (A):z'r”(/‘x) N (':;'[" ]ml':* ( ‘

Jo

byl ) (1)

Equation (11) is comparable to equation (8) in
the previous =ection on the retlection method.
Figure 14 was used to relate AA',.w(X) to AA',.H(I'_\.)
and Cy was chosen 1o make the peak value of
A

k(M) =1,

Calculation of absorption coefficient from ma-
chine results.—The procedure followed in caleu-
Iating the absorption cocflicient was exactly the
same as that used for the reflection method except
that equation (11) was used to ealculate the values

N

A
of ke in place of cquation (8). The ko (V)
A
curves are shown in figure 15 and the £7(0) curves
are shown in figure 16.
CALCULATION OF ABSORPTION COEFFICIENT USING
SULZER-WIELAND FORMULA

Statement of the formula and calculation of ab-
sorption coefficient. —The Sulzer-Wieland formula
s written in terms of the wave number v and 1s as
follows (ref. 7, p. 664):
12

kr(5) = krtanh (072T)
exp { —tanh (2T (F—75,)/A0 )% (12)

where & is the maximum value of A-(¥) at 0° K,
O is the characteristic temperature which appears
in the vibrational partition function for the .Y
state, v, 15 the wave number for which £,(3) has
its maximum value, and A%, 1s the natural half
breadth of the Ay(#) curve: that is, A%, 1s the differ-
ence between the two values of ¥ for which
ko(p) = etk

In order to use cquation (12) &), 7, and ap,
must be evaluated from experimental measure-
ments of the absorption at a temperature low
enough so that A7) 1s for all practical purposes
identical to ky(¥). Room-temperature measure-
ments are adequate for oxygen, since practically
all oxyvgen molecules are in the lowest vibrational
state at room temperature,

The following values were used for caleuluting

the absorption coeflicient for oxyvgen: k)'=400

AERONAUTICr AND SPACE ADMINISTRATION

em™h 7, —69,000 emTh o AV= 6,481 em™! and
60 =2.260° K. The resulting Z",v()\) curves dre
shown 1 figure 16.

Underlying assumptions and resuiting limita-
tions.— T he assumptions underlying the Sulzer-
Wicland formula are as follows:

(1) Harmonie oscillator wave functions (ref. 34,
p. 64), which are solutions of Schrodinger’s equa-
tion for a parabolic potential, were assumed for
the initial-state functions.

(2) The upper-state potential was assumed to
be w straight line.

(3) The upper-state eigenfunctions were replaced
by delta funetions as in the reflection method.

(4) The eleetronie transition probability was
assumed to be independent of #.

JJ

(k/v)dv - Constant {rel.

(5) The expression f

S
7, p. 661, and ref. 17, p. 203) was replaced by
[ kd? = Constant.,

Q
ting £* rom equations (8) and (11).
(6) The effect  of  molecular
neglected.

This 1s equivalent to omit-

rotation  wa

With the assumptions mentioned the caleula-
tion was simplified enough to pernmt sutmmation
of the cquations over all the initial vibrational
states te obtain the result given in equation (12),
The result is symmetrical about 7, and thus s
incapable of showing any shilt of the peuk position
with teraperature sueh as appears in figure 1.
Equation (12) is similar to the equation for the
normal curve of error y= (2x) 7 exp(— £%/2) since
it cunt be written as y= (Constant)exp(— tanh a.r?)
and the hyperbolie tangent does not differ much
front its wgument for small values of the argument.

The »ulzer-Wieland equation is applicable to
any dialomic molecule for which the necessary
constants can be evaluated and is formally appli-
eable at any temperature.  In practice, it has
been found to agree well with measured absorp-
tion coetlicients for the halogens at temperatures
up to 2,900 K (figs. 3 and 4 and refs. 10 to 16).
Because of the rather drastie assumptions made
in order to simplify the theory enough to permit
the result to be written in the form of a single
simple cquation, 1t Is necessary to guard against
using it without making some sort of evaluation
of its probable range of validity for the molecule
in quest:on and for the temperature range needed.
As disceassed  subsequently, the Sulzer-Wieland
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formuia is not adequate for caleulation of the
absorption coeflicient of oxveen up to 10,000° K.
CALCULATION OF ABSORPTION COEFFICIENT INCLUDING AN
EMPIRICAL CORRECTION FOR VARIATION OF ELECTRONIC
TRANSITION PROBABILITY WITH INTERNUCLEAR DISTANCE

Determination and discussion of correction
factor. -The discussion followinz ejuation  (3)
mentioned that an empirical evaluation of the
varintion ol the electronie transition probability
@ with internuelear distance could be obtained by
comparing experimental values of the absorption
cocflicient to theoretical values ewleulated from
equation  (3). Since  the  eleetronie  transition
probability was assumed to be constant i the
caleulations based on equation (3), the Tactor
required to make theory agree with experiment
at room temperature can be interpreted as being
proportional to Q.

Figure 17 shows the varation ol € with wave-
length, It was dertved by comparing a smooth
curve drawn through the experimental data with
the digital-computer results.  The variation is

750 down to 1,375
1,375 angstrom units the

slow and smooth from 1
angstrom units. At
slope suddenly changes sign and the factor drops
sharply to zero at 1,300 angstrom units,

This sharp dropofl is particularly interesting and
significant, since it indieates the presence of an
additional factor affecting the absorption coeffi-
cient.  Watanabe, Zelikofl, and Inn (rel. 1, p. 26)
suggested that another potential interaets with the
B(27) potential to cause this disturbance.  Evi-
denee has been cited (refs. 35 to 37) for the
existence of a potential in addition to the five well-
established ones shown in figure 5. It is desig-
nated as *IT,; and perturbations between it and the
BEZEL) state are allowed by the selection rules

Measured transition probability
Calculated Franck - Condon factor

(Watanabe, Zelikoff, and inn)

o 0l

(Nicholls)

65 x Experimental intensity
' Theoretical intensity

a

[*Xe)
A a2¥)
# 1 from Watanabe, Zelikoff, &3 \Q\
4 and Inn //
b A
1 from IBM caiculations 9{
——--Nichalls

0 | P I | L I I |
1300 1400 1,500 1600 1700 1800 1900 2000 200
Waovelength, angstrom units

Ratio of experimental to theoretical absorp-
tion cocflicient at 300° K,

Frovew 17,

(ref. 17, p. 284). Figure 18 shows that the *IT,
curve which was proposed by Flory (ref. 35) and
later substantiated by Volman (ref. 36) could be
extrapolated to cross the B(*Z, ) curve at the point
required to cause the disturbance noted at 1,375
angstrom units.  On the other hand, Wilkinson
and Mulliken (ref. 37) gave some good arguments
for believing that the 1, curve takes a different
course.  Their curve is also shown in figure 18,
Vanderslice, Mason, and Maisch (ref. 28, p. 16)
support Wilkinson and Mulliken and suggest that
Flory's curve may correspond to a X
Perturbation of the B(*Y,) state by this state is
also possible, sinee only the multiplicity selection
rule 1s violated, and this is fairly common,

Nicholls reported a determination of the varia-
tion of @ from the diserete part of the Schumann-
Runge band spectrum (ref. 21, p. 750). His
results, which are based on calculated Franck-
C'ondon factors and absorption measurements by
Ditehburn and Heddle (ref. 2), are shown in
figure 17, Also shown are some additional points
prepared from data given by Watanabe, Zelikoff,
and Inn (ref. 1, p. 25).

Nicholls” curve does not join smoothly onto the
curve dertved from the continuum even when
allowance is made for the seale difference between
the curves in the figure.  Possibly this could also
be explained by interaction between potentials,
since figure 18 shows Wilkinson and Mulliken's

state.

80 »x|p3
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Hlustration of two suggested new potential
curves for oxygen.

Fraure 18.
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curve crossing the BEY,) curve near the point
which corresponds to the dissociation limit of the
Schumann-Runge band systeni. In any case the
variation of € derived from the continuum is the
appropriate one to use in caleulating the correction
factor for the continuous absorption.

Application of correction factor to calculation of
absorption coefficient.—In the preceding section
and in figure 17 @ was treated as though it were a
function of wavelength. Because X and »r; are
uniquely related for a given initial vibrational
level, room-temperature data can be treated this
wav. At high temperature, however, several
initial vibrational states are present and the fact
that Q is basically a function of r rather than X
must be kept in mind.

The empirieal correction factor shown in figure
17 was plotted as a function of r. and was applied

A

to the k. (A) curves of figure 15 by using the A7,
relations defined in the discussion of the refleetion

A
method. The new &, (A) curves are not shown but
A

the resulting new £#(X) curves for the digital-com-
puter calculations are shown in figure 19,

EXPERIMENTAL DETERMINATION OF
ABSORPTION COEFFICIENT

BACKGROUND MATERIAL

Statement of experimental problem..—The ex-
perimental problem was the determination at sev-
eral selected wavelengths of the absorption coef-
ficient & for molecular oxygen at temperatures up
to 10,000° K. Since & is a function of wavelength
and temperature these quantities had to be well
defined during a measurement. The solution of
equation (1) for the absorption coefficient

k=—(1/p0) log, (J/J,) (13)

shows that the data necessary for the determina-
tion of &k at given wavelength and temperature
were the ratio of the emergent to incident light in-
tensity, the reduced gas density, and the path
length.

Problem of obtaining heated gas samples.—
direct approach to the problem of obtaining heated
gas samples was made in references 7, 10, 11, and
12 by using electric heaters. A more novel, and
for some purposes more satisfactory, way of heat-
ing the gas samples was used in references 9 and 13
to 16, where shock waves were used to compress
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Fisure 1), Corrected absorption coefficient of oxygen at
temperatures from 300° to 10,000° K.

and hea the gases.  Since molecular oxvgen dis-
sociates into atoms at temperatures above a few
thousand degrees Kelvin, the almost instantaneous
heating wrovided by the shock heating method was
necessary for the study of the absorption of oxy-
gen up o 10,000° K. Oxygen persists in the mo-
lecular form for a short time behind a shoek front
because more molecular collisions are required for
dissociation of the oxygen molecule than for the
excitaticn of its translational and rotational de-
grees of freedom (refs. 38 and 39).

The advantages of using shock waves to heat
the gas samples were:

(1) The containing vessel was not appreciably
heated. 'This was very important since the two
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Frourre 19~ Concluded.

muaterials which transmit light well in the vacuum
ultraviolet, namely lithium fluoride und caleium
fluoride, lose their transparency as the tempera-
ture increases (ref. 40) and break easily under the

mechanical  stresses imposed by temperature
gradients (refs. 41 and 42). Even if these

obstacles could have heen overcome no containing
walls would have long withstood temperatures up
to 10,000° K, gas purity and high vacuum would
have been difticult to mwintain at high tempera-
ture, and temperature gradients between heat
sources and surroundings would have caused
considerable trouble.

(2) The intensity of the light source did not
have to be steady since the transmitted light
intensity changed at the shock front in a fraction
of a microsecond,

(3) The temperature produced was uniform
along the path length.

The disadvantages of using shock waves to
heat the gas samples were:

(1) The temperature had to be ealculated from
the thermodynamic properties of the gas and the
measured shock velocity.

(2) An intense ultraviolet source was required
to maintain a useful signal-to-noise ratio in the
fast-responding light detector required.

Adequate descriptions of the nature of shock
tubes and their use in producing hot gas samples
are given in the literature (refs. 43 to 47). Ideal
shock-tube flow and many effects of gas imperfec-
tions have become common knowledge., How-
ever, n paper by Dufl (ref. 48) deserves special
mention because the conditions cited are precisely
those present in the shock tube used for the work
reported herein.  Before the paper appeared the
following puzzling fuets had been noted: The
distance between the shock front and the contaet
surface between driven and
noticed to be far shorter than that predicted by
shock-tube theory. Tt was also noticed that this
distance, which measures the length of the hot gas
region behind the shoek front, did not inerease as
the shock wave progressed down the tube.  This
also conflicted with the usual shock-tube theory.
Both of these effects were reported by Duil and
were attributed along with certain other eifects
to the formation of a laminar boundary layer
behind the shock front.  While this disturbance
to the otherwise casily calculated thermodyvnamic
properties in the hot flow region complicates the
task of those interested in studying relaxation
rates behind shock waves, it does not affect the
thermodynamic caleulation of temperature and
density  immediately  behind  the  front, and
these are the only properties required in this
investigation.

Problems peculiar to vacuum ultraviolet spectral
region.—Spectral measurements at wavelengths
shorter than about 2,000 angstrom units are con-
siderably more difficult than they would be in the
visible spectrum because of the following items:

(1) There are only a few materials which are
transparent in the vacuum ultraviolet region (ref.
49). Quartz becomes opaque at about 1,500
angstrom units, sapphire at about 1,425 angstrom
bartum  fluoride at about 1,350 ang-
strom units, caletum  fluoride at about 1.225

driver gases was

units,
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angstrom units, and lithium fluoride at about 1,050
angstrom units. At wavelengths shorter than 1,050
angstrom units no windows, prisms, or lenses are
available.  Quartz and sapphire are strong ma-
terials and will withstand much thermal and
mechanieal stress, but ealeium fluoride and lithium
fluoride are very susceptible to both thermal and
mechanical stresses (ref. 42, p. 740).

(2) The contamination of the surfaces of mir-
rors, gratings, lenses, and windows by even thin
filins of oil, water, or other substances often results
in a great reduction in efficieney in this spectral
range (refs. 50 and 51).

(3) Sinee the oxvgen present in air absorbs light
strongly in this spectral region, all light paths
must be kept free from oxyvgen, either by providing
an evacuated enclosure or by using nonahsorbing
gases in the light paths.

(4) Sources of intense ultraviolet light in the
spectral range from 1,300 to 1,750 angstrom units
are still in the development stage. In the past
the most commonly used sources for studying
spectra in the region were as follows:

{a) The positive column discharge in hydrogen
(refs. 52 and 53), which produces a continuum
from 1,650 angstrom units upwards and the many-
line molecular hydrogen spectrum below 1,650
angstrom units.

(b) The continua cmitted by the rare gases
xenon and krypton under microwave excitation
(refs. 54 and 55). Xenon cemits from 1,470 ang-
strom units upwards, with peak cmission near
1,750 angstrom units.  Krypton emits from 1,236
angstrom units upwards, with peak emission near
1,500 angstrom units.

(¢) The Layman continuum (discussed in ref. 54,
p. 344, and refs. 56 and 57) produced by a violent
condenser discharge through a narrow-bore tube.
This source emits a continuum running from a few
hundred angstrom units upwards.

Conventional designs of the first two tyvpes
mentioned failed to produce adequate intensity of
ultraviolet light. The Liyman source tried pro-
duced intense ultraviolet light, but the material
ejected quickly ruined the lithium fluoride window
on the shock tube.  References 58 to 62 discuss
some other light sources for the vacuum ultra-
violet.  All these were judged to be unsatisfuctory
for the purposes of this investigation.  The search
for a suitable light source was the greatest obstacle

AERONAUTIC> AND SPACE ADMINISTRATION

encountered in preparing the experimental equip-
ment.  However, suitable sources were finally
developed.  Since these sources have not been
thoroughly investigated, they probably are not
optimum designs. The sources used are deseribed
in the section entitled “Deseription of Equip-
ment.”

Light-detection problems.—A fast-responding
detector for ultraviolet light was necessary in
order to take advantage of the fact that molecular
oxygen persists for a short time behind a shock
front. Photoelectric detection using a  photo-
multiplice tube was the only solution found.

Since the glass envelope of a photomultiplier
tube does not transmit light in the vacuum ultra-
violet, n coating of sodium salicylate was applied
to the glass in front of the light-sensitive area.
Sodium salieylate ffuoresces with uniform quantum
efficieney (ref. 1, p. 17, and ref. 63) over the entire
range of wavelengths needed (1,300 to 1,750
angstrom units). The peak of the emitted light
(A=4,100 angstrom units) is close to the sensi-
tivity peak of an S-11 photoelectric surface
(A=4,400 angstrom units), which was the type
used.

No information was available in the literature
on the Huorescence decay time of sodium sali-
evlate, but the experience gained in this investi-
gation and in that reported in reference 39 indi-
cates that it is less than 1077 second. The rise
time of the signal obtained by coating an RCA
1P21 plotomultiplier with some other organic
phosphors was measured in reference 64 and was
found to be of the order of 107" second.

DESCRIPTION OF EQUIPMENT

Basic items. - -In simplest terms the equipment
items needed to measure the absorption coeflicient
of a sample of gas are a light souree, an absorption
path of known length, a deviee to select light of
a known wavelength (i.e,, a monochromator),
and a ight detector. The ahsorption path is
in the siock tube; the deseription given includes
all infor nation pertaining to the shock tube, snch
as, shock-veloeity  measuring  equipment  and
operation of the shock tube. The deseription
given of the light deteetor includes information
pertaining to the recording as well as to the de-
tection of the light signal.  Figure 20 illustrates
the main items of equipment and how they are
related 1o each other.
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Detailed descriptions.—As has already been
mentioned, the ultraviolet light sources used
were developed at the Langley Research Center.
They are best described as pulsed hydrogen
discharge lamps. Figure 21 is a drawing of the
first successful lamp built.  As indicated in the
figure, the cathode and most of the glass envelope
were taken from a radio transmitter tube (RCA
type 872A). The original intention was to
operate it as a hot cathode, continuously operat-
ing, hydrogen discharge lamp. While the usual
continuum and many-lined molecular spectrum
were obtained this way, the intensity was in-
adequate.  When a condenser was  discharged
through the tube, however, intense ultraviolet
hight was observed.  After a moderate develop-
ment program, the following combinuation of
parts was found to give satisfactory results over
at least a portion of the desired speetral range
(1,550 to 1,750 angstrom units):

(1) The lamp as shown in figure 21. The

Copper
block .

Glass-to-metal seal-~

q 85120/-\ Light and
—H, in cathode
2! structure Ha out

Copper-’
thimble

Fravre 21, Light source used for wavelength range 1,550

1o 1,750 angstrom units,

cathode was no longer heated but was merely
used as an electrode.

(2) An energy source capable of producing a
current pulse of 2,000 amperes for 100 micro-
seconds.  An artificial transmission line made up
of twenty 2-microfarad, 4-kilovolt condensers,
and ten 5S-microhenry, center-tapped coils con-
nected as shown in figure 22 was used for this
purpose. The condensers in the artificial trans-
mission line were charged to about 4 kilovolts.
A noninductive series resistance of 0.8 ohm was
included to match the load impedance to the
output impedance of the line.

(3) An electronic switeh, A Kuthe Laboratories
hydrogen thyratron tube (Type 5948/1754), rated
at 1,000 amperes peak current and 25 kilovolts
peak voltage, was used. It applied the voltage
to the discharge lamp less than 1 microsecond
after being triggered.

(4) A tank of commercial-grade hydrogen.
This gas was allowed to flow slowly through the
discharge tube. The hydrogen pressure was
maintained in the discharge region at about 1
millimeter of mercury by continuous pumping.

Figure 23 shows the measured light intensity
distribution with wavelength for this light source.

One other light source from the many tried is
shown in figure 24. It was used for the shorter
wavelengths where the light intensity produced
by the first source was low. The intensity dis-

10 center-tapped colls -

5 microhenries each -Electronic switch

_L T T T,I cight source

20 two-microfarad condensers

Fiavre 22, Artificial transmission line used for energy

storage.
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Fravre 23, Measured light intensity  distribution for
sonrce made from RCA type 872A transmitter tube.
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Hp i —=—

Quortz tube’

Fievre 24.- -Light source used for wavelength range 1,300
to 1,500 ang=trom units.

tribution with wavelength for this lamp was
essentially the same as that for the first source
but, due to the confinement of the discharge to
a smaller space, the intensity was higher.

A pulsed hydrogen discharge lamp was ulso used
by Camac, Camm, and Petty (ref. 39).  Accord-
ing to a communication from Dr. Morton Camuac
of the AVCO Corporation this lamp has two
hollow cylindrical electrodes spuced about % inch
apart and sealed in a glass tube containing hydro-
genn at several millimeters of pressure. The
hydrogen supply was maintained by o small
amount of uranium hydride (ref. 62}, which also
served as o getter material to remove residual
impurities.  Ultraviolet light from the moleculur
hyvdrogen spectrum was produced when the lamp
was flashed at about 500 volts and the light left
the tube through a caleium fluoride window.

Another flash-type ultraviolet source similar
to those developed at the Langley Research
Center was reported by Golden and Myerson
(ref. 65). Light was produced in this lamp by
discharging 120 joules through xenon, argon, or
krypton contained in a 4-millimeter quartz capil-
lary 15 centimeters long. Continuous emission
was reported from 6,800 to 1,500 angstrom units.
The photomultiplier output was 1 volt at 1,700
angstrom units using a circuit whose response
titme was less than 1 microsecond. This magni-
tude of signal is about the same as that obtained
in the present investigation.

The absorption path was 1 inch long. 'This
dimension was determined by the inside diameter

of the stainless-steel tube used for the low-
pressure section of the shock tube. Lithium

fluoride windows ¥ inch in diameter and approxi-
mately 0.5 millimeter thick were set flush with
the walls of the tube to permit the light to pass
through perpendicular to the direction of motion
of the shock wave. Both windows were masked
to give apertures 1 millimeter wide by 3 milli-
meters high. The windows were cemented to

the ends of removable plugs so that they could
be frequently replaced. They were never polished
nor cleared in any way. Replacement windows
were always [reshly cleaved from a %-inch-diam-
eter core of lithium fluoride. After they were
cementec in place the edges were smoothed flush
with the metal and they were ready to be used.

The shock tube has  been  deseribed by
Schexnayder (ref. 66). It has {two driver sections
and a 16-to-1 area contraction just before the
second dinphragm.  The high-pressure chamber
was filled with helium or hydrogen to about 100
atmosphores and the middle chamber was filled
with helium to pressures rangimg from Y to 1
atmosphore.  The high-pressure diaphragms were
He-inch-thick steel plates; two saw cuts about
eleven thousandths of an inch deep were cut on
each plate in the shape of an X to promote easy
tearing of the metal and so that the remaining
flaps would flatten against the walls out ol the
way of the flowing gas. Both Mylar film and
scribed brass shim stock were used for the second
diaphragm.  Sometimes the second  diaphragm
was omi ted in order to work in a lower range of
shocek strengths.  In this case the middle-chamber
gas was the same as the gas under study.

Operacion of the shoek tube was initiated by
building up the pressure in the high-pressure
chamber until the steel diaphragm ruptured.
The shock wave produced in the middle chamber
broke the second diaphragm and reflected from
the area contraction.  The resulting region of hot,
compres-ed, and essentially motionless gas served
as the déiver gas for the remainder of the shock
tube.

The pressure in the T-inch-diameter portion of
the shock tube was alwayvs determined by the
partinl Hressure of oxvgen necessary to give a
convenicnt amount of ultraviolet light absorption.
At 1,550 angstrom units m oxygen this pressure
was abouat 0.3 millimeter of mercury and at the
same  wavelength i a mixture ol 10 percent
oxyvgen in argon it was about 3 millimeters.  The
low-pressure section was always pumped to 20
microns ol mercury belore filling and was raised
to the desired initial pressure by admitting the gas
mixture through a leak valve while continuing the
pumping. Thus, the tests were made in n slowly
flowing gus. The effects of residual vapor pres-
sures and small air leaks were minimized by this

procedure.  The leak rate of the shock tube when
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closed off from the pump was [ or 2 microns per
minute.

The data necessary for the determination of the
state of the test gas were:

(1) The initial eas temperature. This was
taken to he the same as the temperature ol the
shock-tube wall and was measured to +£1° K
with a mercury-in-glass thermometer.

(2) The initial gas
measured to +£0.02 millimeter by two gages, an
Alphatron vacuum gage and a S-millimeter Hg
dial gage. Both gages were calibrated against a
MeLeod gage and always agreed well with each
other.

3} The composition of the gas. Tank oxygen
which was guaranteed 99.6 pereent pure was used
The percentage

pressure.  This  was

for the runs in pure oxygen.
of oxygen in the mixture was measured to be
10.07 £0.10 percent. A tank of dry air was used
for the runs in air.  All gases were passed through
an activated alumina filter at tank pressure belore
entering the shoek tube.

(4) The velocity of the shock wave.
measured by recording the time interval hetween
signals received from ionization probes (ref. 67)
located 5 inches in front ol and 5 inches behind
These probes sensed

This was

the absorption windows.
the small amount of ionization associated with the
shock fronts.  The probe signals were applied to
the grids of type 2D21 thyratron tubes as shown in
the cireuit diangram in figure 25. The pulses
produced by the thyratrons were fed into a
Berkeley counter which recorded the time in-
terval between the pulses to £1 microsecond.
The pulse from the first thyratron also triggered
the light flash and the horizontal sweep ol the
Tektronix Type 545 oscilloscope used to display
the photomultiplier signal.  The ionization probes
proved to be unreliable for detecting shock waves

40080
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Frevre 25.—8ingle pulse generator triggered by ion probe.
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which produced temperatures below about 4,000°
K. An attempt was made to obtain data at
lower tetiperatures by using the ionization probes
as glow discharge probes in the manner deseribed
by Lundquist (ref. 68). This effort wus foiled by
premature triggering  of the thyratron tube
associnted with the second probe.  The trouble
was caused by interference produced by the heavy
current discharge through the light source.  Since
lagging adjustment of the vibrational degree of
[reedom of oxvgen would invalidate most, il not
all, of the runs below 4,000° K, the effort was
abandoned.

A grating monochromator was used to select a
narrow  band of wavelengths centered on  the
wavelength at which the absorption coeflicient
was to be measured.  The monochromator was
designed and construeted at the Langley Research
Center. [t was similar to the instrument de-
scribed by Parkinson and Williams (ref. 69) and,
like theirs, the output wavelength was varied by
rotating the grating rather than sliding it along
the Rowland cirele.  The diagram and equation
shown in figure 26 give the essential design
mformation.

The 2-inch-diameter aluminum-on-glass grating
radius  of  curvature of 39.8384-0.008
centinteters. It was ruled at 15,000 lines per
inch over an area of 1 by % inch. It was blazed
to concentrate most of the light in the first-order
diffraction pattern.  The dispersion was 0.0232
millimeter per angstrom over the wavelength

had a

range used.

Both the entrance slit and the exit slit were
located 2 inches off the center line and at fixed
but unequal distances from the axis of rotation
of the grating.  The design wavelength was l,:')()()
angstrom units.  The corresponding values of .

,~Rowland circle

‘

Light -
mys"\ Monochromator
N center line
- - | cenlerine
K ~--Concave
N grating

Fioure 26.—Design diagram for ultraviolet monochrom-
ator. z,,y, entrance slit position; @,y, exit slit position;
ah=s(sin { -=in 7).
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and ey were 15524 and 15.331 inches, respeetively.
At 1,590 angstrom units the image of the entrance
slit was focused on the exit slit. When  the
grating was rotated from the design position the
values of r; and 2 mentioned were no longer
correct, and the image lalling on the exit slit was
out ol focus.  Since the defocusing was small over
the wavelength range of interest and since photo-
multiplier detection does not require a sharp
image, the only important effect was a shift of the
central wavelength of the transmitted band by
about 1 angstrom unit at the limits of the desired
wavelength range.

The widths of the entrance and exit slits were
both set at 0.010 inch.  For equal slit widths the
mtensity distribution of transmitted wavelengths
out of a continuum of uniform intensity is tri-
angular in shape. The apex of the triangle
represents maximum transmitted intensity and
oceurs at the central wavelength. For the slit
settings  mentioned the intensity dropped to
one-hall the maximum value at the central
wavelength £5.5 angstrom units and to zero at
the central wavelength -+ 11 angstrom units.

Selection of a desired wavelength was accom-
plished by means of a calibrated micrometer serew
which moved an arm attached to the grating.
The serew was calibrated in terms of wavelength
using lines from the speetrum of mercury down
to 1,849 angstrom units and the resonance line of
xenon at 1,470 angstrom units.  The calibration
points showed excellent agreement with a straight
line drawn through the points.

In order to avoid absorption of the ultraviolet
light by the oxygen present in air the monochro-
mator was built in a vacuum-tight. enclosure which
was nuuntained at a pressure of 1 micron or less.
To illustrate the importance of maintaining such
a low pressure consider the caleulated absorption
at LA50 angstrom units in the approximately 45
inches of light path between the shock tube and
the photomultiplier. At 1 micron, 3 pereent of
the light was absorbed, at 10 microns, 12 percent,
atdd at 100 microns, 72 percent.

A Dumont Type 6292 photomultiplier sensitized
for ultraviolet by a coating of sodium salicylate
was mounted about an inch from the exit slit of
the monochromator.  The glass envelope was in
vacuum; the base was in air.  The vacuum seal
was made by means of a neoprene “O’ ring at
the juncture of the glass envelope and the hase.

The risc time of the photomultiplier output circuit
was about 2X 1077 seconds and the rise time of
the Tektronix Type 545 oscilloscope used to record
the light signal was 107 seconds.  The transit
time of the shock wave across the light path was
231077 seconds to 51077 seconds, depending
on the snock veloeity.  The linearity of the output
current as a function of ilumination was examined
using dta published by the manufucturer (ref,
70).  Tae voltage was usually set at 150 volts
per stage except for the potential between the
cathode and the first dynode which was made twice
as high as the interdynode potentials. The sig-
nal current was of the order of 2 millinmperes and
the voltage divider current was about 6 milli-
amperes.  The last two dynode stages were
bypassed to avoid degeneration due to the signal
current flowing in the divider. Linearity was
better than 1 percent,

The miform quantum  efficiency of  sodium
salieylate as a function of wavelength and the
belief that its fluorescence lifetime is short enough
to permit its use as described above have already
been mentioned.

The light intensity as a lunection of time was
displayed on the sereen of the oscilloscope and
was photographed by a Polaroid Land eamera.
Figure 27 shows four typical records.  The traces
Inbeled “Vacuum” show the intensity obtained
with vacuum in the shock tube; the traces labeled
“Initial  pressure” show the intensity obtained
with the test gas at pressure p,. The truces
labeled “Record” correspond to those murked
“Initial Hressure” but show the shock wave passing
through the absorption path. The traces lubeled
“Seatterad light” were taken with the mono-
chromatHr filled with air so that an estimate could
be obtamed of the amount of scattered light
passing hrough the monochromator.

The hot gases behind strong shoek waves are
Kknown teemit visible light and hot oxvegen may emit
some ultraviolet light also.  However, no trace of
emitted ight was observed on any of the occeasional
runs for which the ultraviolet light source failed
1o operae properiy.

DATA ANALYSIS

Data needed.—Equation (13) showed that the
data necded to determine the absorption coeffi-
cient at given temperature and wavelength were
the ratio of emergent to incident light intensity
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Fiarae 27, Typical shock-tube records. Time base on all records is 10 microseconds per centimeter.,

immediately behind the shock front and the cor-
responding product of reduced gas density and
absorption path length.

Description of analysis methods. —The diagram
in figure 28 illustrates the measurements made on
the oscilloscope records.  The intensity J, was

the intensity which would have been observed if
there had been no absorption of ultraviolet light
in the shock tube. Berause of the lack of re-
producibility in the intensity of the source from
one flash to another, the value of J, obtained from
the trace corresponding 1o vacuum in the shock
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Fravre 28.-~Diagram illustrating measurements made on
records.

tube was inaccurate. The following equations
were set up so that J, would not be required:

JilJ = cexp (—A'I;;Il)

Juid,=exp (—kup ul)=exp (—kyopid)
Jiu'd = (Tl ) (Jid )= (Tt exp (—kpl)
k= —(Vop, ) [loge (T ) —kip ol

Finally,
b= (1/q) [l _log. (']”’J‘):' (14)
Fus

The quantities required for the evaluation of the
A
high-temperature absorption coefficient %, from
equation (14) were:
(1) The shock density ratio, o= py/p;
(2) The room-temperature absorption coeffi-
A

cient, Ay
(3) The maximum value of £7(\) at 0° K, 7"
(4) The light-intensity ratio across the shock,
Il
(%) The ratio of the initial oxvgen concentration
to the concentration of oxygen in the gas
at 273° K and 1 atmosphere pressure, p,
(6) The absorption path length, ¢
A
Values for by were obtained from the corrected
IBM calculations shown in  figure 19. The
mtensities J; and Ji; were tuken to be proportional
to the distance of the signal trace from the zero
signal trace on photographic enlargements of the
original records. These distances were of the
order of 10 to 50 millimeters +0.5 millimeter.
Except for the absorption path length, (=254
+0.1 centimeters, the remaining items to be
evaluated were o, 77, and py.

ADMINISTRATION

The density and temperature behind a normal
shock wave can be ealeulated from a knowledge of
the shock  velocity and  the  thermodynamic
properties of the gas.  The following conservation
equations and the equation of state are the
starting point:

(1) Conservation of energy,

mil ! P1)+.) =y (Pl par) ‘* : '111 (15)
(2) Conservation ol momentumn,
pr+potd = pu+ e’ (16)
(3) Conservation of mass,
prity= puit (17)
4) Equation of state,
p=plT (14 ) (18)

From these equations the following expressions

were found:
' 1 ) _(Jﬂ'i;’}’b‘wlz) 7}}1] vvvvv )
M= ( ) ) T h—

{I:O Jr)'p:[lz)ﬂn:r__(gn”_l)[‘lllz_*_ :]}
iy

(19)
o= pu/pr=M /M1 (20)
a iﬁl{“ ,uu[ Lmdly ‘;Zl’l“ll ‘f‘)—ﬁ,,] (21)
Equa ion (21) was solved for My, as follows:
Tl %IIL_[<ITL71J[I GEIEROY Aty L,
SyiM % \II i1

A graphical solution was obtained by plotting
equatiors (19) and (22) against Ty at a constant
ralue o M. Corresponding values of A7}, and
Ty were then read off the plots at the intersections
of curves of equal M. Cross plots of 7% and o
as functions of M; at a constant value of a were
made from the results and some typical plots are
shown i1 figures 29 and 30.

The three gas mixtures used were air, oxygen,
and a mixture of 10-percent oxygen in argon.
Caleulations of T and o for some of these mix-
tures huve been published in references 71 and
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Froore 29.—Calculated  values of temperature behind
shoek fronts.  T1=300° K; a=0.

72. These results are also shown in figures 29
and 30 for comparison with the results obtained
herein.  The curves shown in the figures are of
three types. One is labeled “Constant v and
is based on the assumption that only the trans-
lational and rotational degrees of freedom of the
molecules are excited. A second type is Iabeled
“0), vibration excited’” and is based on the assump-
tion that the vibrational degree of freedom of the
oxvgen molecule is excited in addition to the

O vibration excited
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(b) Air.
{e) 10 pereent Oy in argon.
Fravre 30.—Caleulated values of density behind shock

fronts, a=0.

translational and rotational degrees. The third
type applies only to air and is based on the
assumption that vibration is fully exeited for
both oxvgen and nitrogen.  The above assump-
tions enter into the solution of equations (19) and
(22) through the enthalpy function z in equation
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(19).  Vibrationally unexcited oxygen and nitro-
een were both assumed to have a speeifie-heat
ratio of y=1.4. The value ¥ = 1.67 was used for
argon.  For the cases in which vibrational exei-
tation was assumed for oxygen or nitrogen the
enthalpy duta were taken [rom reference 73 for
temperatures up to 5,000° IC and from reference
74 [or temperatures between 5,0002 and 10,000° K.
Excitation of the «i'd,) and 6('Z,) electronic
states was found to have a negligible effeet on
the enthalpy for these temperatures. It was
pointed out previously. however, that excitation
of these states has an important effeet on the
distribution ol the oxygen molecules over the
vibrational levels of the initial eleetronie state.

For a given shock-tube test only one of the
above assutuptions corresponded to the actual
conditions present behind the shocek.  In figures
31,32, and 33 experimental and theoretical values
of the light transmission are compared.  The
theoretical curves are based on the assumptions

100 Percent transmission before shock wave passes
~e y=1625 a
- -~ __ 4
b /o
o -
~- 0, vibration excited
260— 2 b
g 00
Saor
<
&
E 20+ oShock-tube measurerment
% ()
| Lo L L L L 0 ]
0 2 4 6 8 10 12 14 6
Shock Mach number, M;
(b N 1300 angstrom units; py -5 millimeters,
100
Percent transmission before shock wave passes
£80} 2004
2 .02
5 0
e "0, vibrat ted
Seol > vibration excite
3 — o
‘E” B U r=1625
40t
€
g
O -
@ 20 oShock-tube measurement
(b)
1 1 L Il 1 1 1 "l
0 2 4 6 8 10 12 14 16

Shock Mach number, 47,
(b) A - 1330 angstrom units; pr=3 millimeters,

Frovre 31— Caleulated and observed pereent transmission
of light for oxygen-argon mixture.
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Pravee 31.—Continued.

mentiored and on the best estimate values of 3
which cre listed in table 1. Note that table |
contains (wo sets of best estimate values.  One of
these c¢orresponds to excitation of the X(°X))
electronic state only and was used for the oxyvgen-
argon curves. The other corresponds to excita-
tion of the a(’a,) and 8('2)) states as well and
was used for the alr and pure oxygen curves.
Jest agreement between theory and experiment
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Frauvre 31.—Continued.

was  obtained in this way. Examination of
figures 31 and 32 shows that dissociation affected
the magnitude of the measured light intensity
jumps at the highest temperatures.  In order to
account for this the caleulation of Z-u [rom equa-
tion (14) was modified as shown in appendix D.

The remaining quantity to be evaluated was
pr. From equation (18), p.=p,R7T, und p=
8Ty, where the subseript s rvefers to standard
atmospherie conditions.  Thus,

2’1 = .’;pl/”ps: (I)I/yl)x) ( ’]‘.?/" ,[,I).q (“)‘3)

Summary of data analysis. —The data analysis
can be summarized as follows:

(1 2‘11:(1;‘”0) I:Z-l—'”*“'" (J”‘/JI)] (with modifi-

"l')"f’l/
cations from appendix 1)) (eq. (14))
(2) Ty and o were obtained from figures 29 and
30
(3) /‘:“1 was obtained from figure 19 (correeted

IBN values)
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Ficrre 31, -Concluded.

(4) Jyu/ g was evaluated from the oseilloscope
records

(5) b= (pi/p (T Ty (eq. (23))

(6) The absorption path length [/ wus always
2.54 centimeters

(7) N, Ty, and p, were recorded at the time the
data were taken
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PRESENTATION OF EXPERIMENTALLY MEASURED ABSORP-
TION COEFFICIENTS

Cross plots of J s funetion of temperature at
1,300, 1,350, . 1,750 angstrom units were pre-
pared [romn the digital-computer results and are
shown m figure 34.  These serve as a comparison
background for the experimental values of AA", that
18, Z’“ from equation (14). For completeness,
curves are shown both with and without the effect
ol the empirical correction for variable electronic
transition probability and both with and without
the assumption of complete equilibrium of initial
clectronie states.  In addition, best-estimate curves
are shown for wavelengths shorter than 1,375

For wuavelengths longer than
units  best-estimate curves uare

angstrom units.
1,375 angstrom
identical to corrected TBM curves.

DISCUSSION OF RESULTS
PRELIMINARY REMARKS

As was pointed out previously, both theoretieal
and experimental approaches were made to the
problem of determining the effect of temperature
on the absorption coeflicient.  The Franck-Con-
don principle which underlies the theoretical treat-
ment is well established and has proved over the
years to be capable ol accurate prediction of
transition probabilities when all the pertinent
factors are known.  From the outset the intention
of the present mvestigation was to ealeulate the
temperature  dependence from  the theoretieal
treatment and then to attempt to verily or to
disprove the results by experimental measurement
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Froure 34.—Continued.

of the absorption in a shock tube. This program
was carsied out satisfuctorily.

At most wavelengths and temperatures the

agreement between theory and experiment is

good enough to show that the theory is essentially
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Ficure 34.—Coneluded.

correct.  Where disagreements  exist  plausible
explanations are available. Because of experi-
mental uncertainties and the possibility of sys-
tematic errors, the corrected IBM results were
selected as the best available estimate of the

absorption coeflicient except in the arcas where
experiment showed  definite  disagreement  with
theory. KEmpirical curves based chiefly on the
observed absorption were prepared for use in
these areas.
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COMPARISON OF THEORY AND EXPERIMENT AT ROOM
TEMPERATURE

The three curves in figure 35(a) show the results
of the three theoretical calculations at 300° K,
Sinee the experimental results did not include
any values at room temperature, the data of
references 1 to 6, shown in figure 2, were replotted
i figure 35() for comparison with the theory.

In figure 35(b) the reference data are compared
with the IBM theoretical curves both with and
without the empirical correction for variation of
the electronic trausition probability with inter-
Note that the peak of the
than the  value

nuclear distunce,
corrected  curve rises  higher
k=400 ecm™

In figure 35() the wavelength at which maxi-
mum absorption oceurs is 1,450 angstrom units
for the IBM curve and 15 1,455 angstrom units
for the other two curves. Figure 35(b) shows
that the corrected IBM curve has a very flat
peak centered at about 1,430 angstrom units.
The experimental peak lies somewhere between
1,400 and 1,475 angstrom units, and thus it is
not possible to distinguish between the caleulated
peal values.

Theory and experiment agree well on the long-
wavelength side of the curve (1,450 to 1,750

angstrom units).  However, the seatter of the
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experiren al points is too great to permit a
choice to be made among the various theories.
Except for the corrected 1BN curve, theory and
experiment do not agree on the short-wavelength
side (1,250 to 1,450 angstrom units). Note that
the absorntion coeflicients measured by three
mdependeat investigators (refs. 1, 4, and 5)
show the rapid drop of the experimental points
in this region.  This is convineing evidence that
the deviation from the theoretical curves in
figure 35(0) is real.  Little significance e¢an be
attached to the agreement in ficure 35(b) between
the correcied IBM curve and the data because
the correeion was designed to make the curve
fit the rocm-temperature data,

Camae and Vaughan (ref. 9) measured  the
room-temyperature absorption at 1,470 angstrom
units.  The exact value fTound was not given, hut
the value 74==307 em™" was derived from the slope
of the Beer's law plot shown in figure 7 of reference
9. This it smaller than other values reported in
the literat e, which range [rom 365 to 465 cm™",
The best-cstimate value of A, ot 1470 angstrom
units and 300° K from the work reported h(‘l'(‘iis
400(0.940) =376 ctn ™%,

COMPARISON OF THEORY AND EYPERIMENT AT HIGH

TEMPERATURE

The experimental results at high tenperature

ficure 34, As wes

are shown in mentioned
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. r .
previously, the comparison curves are cross plots

A
of k against temperature and are based on both
corrected and uncorrected IBM  ealeulations.
Alternate curves are included to illustrate the
effect of the lack of complete excitation of the
initial eleetronic states. Below 1,375 angstrom
units the best-estimate curves are also shown
because they are not identical to the corrected
IBM results in this region.

In figure 36 the high-temperature absorption
coefficients measured by Camae and Vaughan are
compared  with  the  best-estimate  theoretical
curves.  As noted in the figure, the data points
plotted are not exactly as given in reference 9.
The quantity 69/ was added to each point to
compensate for the use of k=307 em™ for the
rooni-temperature absorption coeflicient instead
of the value ky=376 em™.

Some of the shock-tube runs were not suitable

A

for the determination of & because vibration was
not in equilibrium behind the shock front.  Gen-
erally such runs were not used although some
exceptions were made for records on which only a
short extrapolation back to the shock jump was
required.  All runs were plotted in figures 31, 32,
and 33, however. The next few paragraphs
explain how the plots in these figures were used
to determine which runs should be excluded
because of the lack of vibrational equilibrium

The deseription of data-analysis procedure given
previously pointed out that the 7y and o values

A
appropriate [or the caleulation of & from equation
(14) depend upon the state of vibrational excita-
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Fraure 36.—Absorption coefficient of molecular oxygen as
a function of temperature at 1,470 angstrom units.
Data points are from Camace and Vaughan (ref. 9).  The
quantity 69/¢ was added to each point beeause k=376
em™! s believed to be more nearly correet than k=307
em™1, which is approximately the value they used.

tion ol the components of the gas mixture being
tested.  The comparison of observed light trans-
mission to that expected on the basis of the two or
three possible states of vibrational exeitation is
the most important single indication of the actual
state of the gas but is sometimes ambiguous and
misleading  when  unsupported by additional
evidence.

The data on air shown in figure 33 are a good
example of this. The four data points from the
literature plotted in figure 33(a) scem to show that
oxyegen and nitrogen vibration are both fully
excited for all four points but examination ol the
oscilloscope records revealed relaxation regions
behind the fronts of the two slowest shock waves
which must be interpreted as nitrogen vibrational
relaxation beeause of the direction of the adjust-
ment (ref. 39, p. 9). ‘This makes the slight upswing
of the low-speed points toward the “O, vibration
excited” curve appear signifieant.  This conclusion
is supported by the measured points in figure 33(h).
The runs shown were obtained at A/;=10.1 or
below and, us expected, most of them are clustered
close 1o the “Q, vibration excited” curve. The
nitrogen vibrational udjustm(;m was visible on all
these records.  No values for £ were obtained from
the air records because the state of the gas behind
the shock front was not well defined.

Figure 31(f) shows that between ;=7 and
M, =8 in oxygen-argon mixtures the points turned
toward the constant y curve, indieating that oxy-
gen vibration was not in equilibrium. This conelu-
sion is substantiated by the observation that the
vibrational adjustment was clearly visible on the
corresponding records.

Vibrational relaxation was not observed on any
of the records taken in pure oxygen. Also the
duta points in figure 32(f) do not turn toward the
constant vy curve as they did in figure 31(f).
These two statements both indicate that vibra-
tional relaxation of pure oxygen was too fast to
observe on the records taken. The previously
mentioned inability of the shock detector stations
to function properly below about 4,000° K pre-
vented the determination of the region where the
oxygen points bend toward the constant y curve.

The net effect of the above observations relating
to vibrational adjustments was to cause most of
the oxygen-argon records below 3M;=8 to be re-

jected. All the air runs were rejected, but it was
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not necessary to rejeet any of the oxyvgen runs,
although a limitation no doubt exists.

Certain general characteristics of the observed
data can be brought out more clearly if theyv are
noted before becoming involved in the discussions
of the mdividual mixtures.  An examination of
ficure 34 reveals that:

(1Y The values of 2 obtuined from the oxyvegen-
argon mixtures are always larger than those ob-
tained from pure oxygen. This follows a definite
pattern at all wavelengths and temperatures. The
data from either gas are internally consistent but
disagree when compared with each other.

{2) The excess of I varies with wavelength and
is generally larger at the shorter wavelengths.

(3) The excess of F varies Tittle, if any, with
temperature.

(4) The corrected BN curve, which at the
longer wavelengths stays quite close to the uncor-
rected [BA curve, falls far below it at wave-
lengths shorter than 1,375 angstrom units. DBoth
the oxyvgen and the oxygen-argon points show a
tendeney to follow this trend but do not go as far.
This effeet feads to the conclusion that the correc-
tion is needed but also tends to confirm the suspi-
cion stated previousty that the emipirieal correction
= inaceurate below 1,375 angstrom units.

The following observations about the oxvgen-
argon results are based on an examination of
figure 34 and are restricted to wavelengths longer
than 1,375 angstrom units:

(1) The data points agree best with the curves
for which only the ground electronic state X(2;)
18 excited.

(2) The scatter of the points is too large to dis-
tinguish between the corrected and uncorrected
IBAI curves.

(3) In the range 1,400 to 1,550 angstrom units
the data points fall higher than any of the theo-
retical curves. This could indicate the presence
ol extra absorption due to the presence ol argon.
However, the measurements of Camae  and
Vaughan at 1,470 angstrom units (fig. 36) show no
indication of any extra absorption. Also the wave-
lengths used were too long to excite even the lowest
excited state of argon (A=1,048 angstrom units).
In spite of this absorption records were taken in
pure argon (less than 0.1 percent O, by analysis)
at 1,500, 1,550, 1,660, and 1,700 angstrom units
to check for the presence of absorption jumps.

ALRONAUTICS AND SPACE ADMINISTRATION

None were observed at 1,660 and 1,700 angstrom
units, but they were present at 1,500 and 1,550
angstrom units.  Figure 37 shows the record ob-
tained at 1,550 angstrom units.  The jump corre-
sponds to the presence of about 4 percent ), but
chemical  analysis  accurate to +0.1 pereent
gshowed no trace of it.

The following observations about the oxveen
results are hased on an examination of figure 34
and are restrieted to wavelengths larger than 1,375
angstrom units:

(1) The points agree best with the curves for
which the electronie states are in equilibrium.

{2) The seatter of the points is too large to dis-
tinguish Hetween the corrected and uncorrected
IBN curves.

(3) There is no indication of extra absorption.
This tends to reinforee the suspicion that argon
was responsible for the previously mentioned extra
absorptio.

{(4) Wi h few exceptions the points fall low as
compared with the theoretical curves although
they do show the expected temperature depend-
ence.  Emitted light from the shocked oxygen
could explain the discerepancy, but, as was men-
tioned in the secetion in which the experimental
measurements  are  deseribed, no  evidenee  of
emitted lizht was ohserved.

7,:298°K; p;=3.47mm
M, =8.48; Ty =7,000°K

Record

Initial
pressure

Intensity —»

Vacuum

Time —»

Fraure 37. —Record of absorption jump in pure argon.

A== 1,580 angstrom units. Time buase ou record is 10
microseccnds per centimeter.
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BEST ESTIMATE OF l‘; AT HIGH TEMPERATURE

The best-cstimate values of I at high tempera-
ture were based on the following considerations:

(1) Above 1,375 angstrom units the corrected
IBM results were considered to be the best esti-
mate of the high-temperature absorption coeffi-
cient of oxvgen.

(2) Below 1,375 angstrom units empirically
determined  curves  corresponding Lo b values
intermediate between the corrected and uncor-
rected IBM curves were considered to he the best
estimate.  These  curves were  drawn roughly
parallel to the corvected TBM curves and bear
approximately the same relationship to the meas-
ured data as the curves at wavelengths greater
than 1,375 angstrom units.

Values of & as functions of temperature and
wavelength are listed in table I Best-estimadte,
corrected, and uncorrected values are given both
for complete electronie excitation and for X(*X )
state excitation only.

CONCLUSIONS

A theoretical and experimental investigation of
the absorption coeflicient of molecular oxygen at
high temperature led to the following conclusions:

1. In accordance with the customary behavior
of absorption continua in diatomie gases, the peak
value of the absorption coctlicient decreases
with temperature.

2. The breadth of the absorption peak increases
with temperature so that at wavelengths not too
close to the peak the absorption coeflicient in-
creages with temperature.  The broadening also
extends the continuum to longer wavelengths
than those for which absorption is observed at
room temperature,

3. For wavelengths longer than 1,375 angstrom
units, the femperature dependence and  wave-
length distribution are best given by the results
of a digital-computer ealeulation which has been
corrected for variation of the electronice transition
probability with internuelear distance.

4. For wavelengths shorter than 1,375 angstrom
units, the best values of the absorption coeflicient
are given by empirical curves with shapes de-
termined by theory and magnitudes determined
by experiment.,

5. For shock waves in pure oxygen the observed
values of the absorption coeflicient indicate that
electronie excitation of oxyvgen is complete 1m-
mediately behind the shock front.

8. For shock waves in o mixture of 10 percent
oxvgen in argon the observed values of the ab-
sorption coeflicient indicate that the electronie
states  of unexeited  immediately
behind the shock front.

oxyvgen o are

Lanarey Reswareir CENTER,
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION,
Lancrry Prewn, Va, September 1.4, 1960.



APPENDIX A

PROCEDURE USED IN CALCULATING THE POTENTIAL CURVE FOR B(*Z;) STATE

Equation (8) shows that &/K* is proportional
to @ '¢.% Since kb and F£* are known as
functions of A from room-temperature data and
¢o was caleulated as a function of r from the
AMorse potential, a relation between A and », was
found by comparing properly normalized plots of
k/E* against ¥ oand @73 against r. The
following procedure desceribes how this was done:

(1) Two plots of ANEN) e against ¥ were
prepared.  One was based on the data of Wata-
nabe, Zelikoff, and Inn (ref. 1), and the other, on
the experimentally determined absorption curve
given by Ditchburn and Heddle (ref. 2). The
curves found in this way are shown in figure 38.

(2) A plot of (%G " *¢y* against r, is shown in
ficure 39, A value of ¢y was chosen to make the
maxinum ordinate unity.  As shown in appendix
B, the use of a delta function for the upper-state
eigenfunction requires the integral in equation
3) to vanish exeept for r=r, Thus, r, was
used in figure 39 rather than r,

(3) Corresponding Ar, pairs were tabulated by
finding ¥ and »; for AN (EN) par=06""¢ A
separate tabulution was prepared for each of the
experimental absorption curves of figure 38.

(4) By adding to ¥ the energy of the initial
state as caleulated from the Morse potential, the
points shown in figures 12 and 13 were found.
The £3 state potential curve shown in figure 13 was

JO[‘

B~
o
A\

N mox |

a
| Watanabe, Zelikotf, and lan

2 ———=— Ditchburn ond Keddle
O; I 4 Il

1 1 1 1 ;|
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Wove number, 7, cm”’
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36

deternined by fairing a curve through these points
and through the Rydberg-Klein-Rees points.
Note that it is assumed in this procedure that
&o(X) can be correctly calculated from a knowledge
of the initial-state wave functions and the upper-
state potential curve by wusing the reflection
method. Coolidge, James, and Present (ref. 19,
p. 203 point out that this assumption is not
strictly correct although it is a good approximation
for »"’-=0 (fig. 6, p. 204, of ref. 19). The most
serious error caused by using the reflection method
is a shift of the peak of the distribution eurve
toward longer wavelengths. This shift is caused
by the fact that maximum absorption occurs when
the relative orientation of the initial and final
wave finctions is such that the overlap integral

©
f ¢ ¥dr 1s maximized rather than when the
}

turning point of the upper-state wave function
occurs at the same value of internuclear distance
as the peak of the lower-state wave function.
Upon completion of the digital-computer cal-
culations based on the potential found as just

® 2
described a plot of ('ﬁ‘”ﬂ(f ¢0¢””') against r,
Jo ;

was added to figure 39.  As before, the constant
was chosen to make the maximum ordinate unity.
The gcod agreement with the plot of Cyd=14¢,?

101
8+
V3., 2
*or 6
57y ro -
Cof "() X%
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— 0 3%
2+ /Yy (o 2
— — (a0 (/s
4 3% ¥ f)
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Fic re 39. -The expressions (5d -18¢y2 and (13

- )
<J qbl,wlr) as functions of r,
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verifies that the reflection method is a good approx-
imation for ¢ =0.

The two curves of figure 39 were used together
with the Watanabe, Zelikoff, and Inn curve of
figure 38 to plot the points shown in figure 14.
The curve of /% plotted against », shown in figure

14 was derived from the B3 state potential used in
all the calealations and it is satisfyving to observe
that the set of data points based on the digital-
computer ealculations with this
better than do the reflection data points, even
though the difference s in most cases quite small.

[agrees curve

APPENDIX B

DERIVATION OF EQUATION (8)

As was stated in equation (3), the absorption
coeflicient k() is proportional to certain fac-
tors.  The most important of these is the vibra-

tional overlap integral f ¢ pdr.  Replacing

the ¢ function by a delta function located at the

turning point permits the integral to be evaluated,
-

that 1s, o pidr=e, (r,), where r, is the value
0

of r at the turning point of the B state.
Normalized Morse functions were used for ob-
taining ¢,». It was not necessary to normalize

the delta functions used to replace ¥ because the
normalization factor /" for the ¢ funetion appears
explicitly in equation (3).  The derivation of the
factor Fis given in appendix C. Substitution of

F=241.89/14G1 and f o dr=¢,(r;) into
0
equation (3) gives the following result (eq. (8)):
/:',;,,()\):Consmnt‘ ARRIAY O W

where (241.89)2 has been absorbed into the pro-
portionality constant and the whole equation has
been divided by &y



APPENDIX C

DERIVATION OF NORMALIZATION FACTOR FOR y WAVE FUNCTION

The fact that Hankel functions satisfy the
Schrodinger equation when 1V is linear has already
been mentioned.  The normalization factor was
derived by suitably comparing the Hankel funetion
solution for ¢, which is a good approximation
near the turning point, to the Wentzel-Kramers-
Brillouin (WKB) solution (discussed in ref. 34,
p. 178), which i1s a good approximation every-
where except near the turning pomt. The
reasoning is as follows:

(1) Except for a constant factor the asymptotic
Hankel amplitude is identical to the WKB
amplitude for the same potential. Let the
potential used for the WKB funetion depart from
a straight line at some point distant from the
turning point and let it approach the dissociation
energy of the B state as » approaches infinity,
Normalize the WKB amplitude to unity at infinity,

(2) The desired normalization factor is the
factor required to make the Hankel amplitude
coincide with the normalized WKB amplitude in
the region where both are derived from a straight-
line potential.

(3) The value of the Hankel function at the
turning point is given as 1.074 in the tables used
(ref. 75) and this value was alwavs used for the
value of ¢ at the starting point for the integration
of cquation (10).

(4) The value of ¢ at the turning point of a
Hankel funetion is (ref. 34, p. 183)

Agyvey v (VT
W)=
I'(2/3)
where a is the slope of the B state potential curve
at the turning point.
38

(3) setting ¢(rs) equal to 1.074 gives
A=2.09226 X 10% /8

(6) The asymptotic Hankel amplitude is

. . (1/2.4189)a""

»[ 2 1/2
Fu=1.7318A(7b/2) _—FI'“(I' BT
where

b={2r/h)[2u(F5—V")])""?} 1 o1,
=(2x/h)[2 X107 ua (r—r,)|"?

(See ref. 34, eqs. (28.16) and (28.17).) The
Hankel function used is #t4u~ in Schiff’s nota-
tion. The factor 1.7318 is the sum of exp(—xi/6)
and exp(—5ni/6).
(7) The corresponding normalized WKB ampli-
tude 1=
1.7318A(wb/2)—1/* .
f"’”:i‘.Ti;iwA(Erb:/;)_—W:(b/b“’)7]"'

where
bo={ 2uiM)2u(E—=V ")}, o= (2m/h) (2ul) 2
(8) The desired normalization factor is
F=Ffuwrn/fu=241.89F" g1/

(9) Substitution of F into equation (3) gives

korr(N)=Ca 1 * (r
JO

) b a//(/l‘\’)2

where (241.89)* has been absorbed into  the

constant (.



APPENDIX D

MODIFICATION OF CALCULATION OF IGH TO ACCOUNT FOR PRESENCE OF DISSOCIATION BEHIND THE
SHOCK FRONTS

N

The calculation of &y was modified as f{ollows
to account for the presence ol dissociation behind
the shock front:

(1) Plots of 77 and o stmilar to those shown in
figures 29 and 30 were prepared for partially
dissociated mixtures. Oxygen vibration was as-
sumed to be fully excited.

(2) The dissociation rate of oxygen was coni-
bined with the values of Ty, o, and degree-of-
dissociation relations obtained from the figures
just mentioned to caleulate the state of the gas
as # lunction of distance from the shock front.
The rates used were obtained {rom a separate
investigntion in which the same records used for
the determination of the absorption cocfficient
were also analyzed for the dissociation rate of
oxygen.

(3) While the shock wave was passing through
the light beam the trace on the oscilloscope rose
too rapidly to be recorded. Therefore, the observed
jump in absorption on the record corresponded
to the instant the shock wave left the light bean.

(4) Since the gas behind the shock front was
flowing in the direction in which the shock wave
was moving and at nearly the same speed, the
gas within the 1-millimeter thickness of the light
beam was made up not only of the gas originally

there but also of all the gas which was originally
in a considerable length of the shock tube preceding
the test section.  The ratio of these lengths was
closely related to, but not quite proportional to, the
cotupression ratio across the shock front.

(5) The 1-millimeter distance immediately be-
hind the shock front was divided into several
zones of unequal width,  Zone width was deter-
mined so that an equal amount of dissociation
occurred in cach zone.

A

(6) Best-estimate values of & and appropriate
values of Ty, o, and degree of dissociation were
used to compute the light transmission in each
zone and a weighted average of the calculated
light transmission through the shock-tube window
was obtained by using the zone widths as weighting
factors.

(7) The weighted average light transmission
wags compared with transmission ecalculated for
gradually inereasing dissociation on the assump-
tion of uniform gas properties in the volume
defined by the beam. The values of Ty, o, and
degree of dissociation for the uniform sample
which gave the same transmission as the weighted

A
average were used for the caleulation of %y in
equation (14).

39
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TABLE I.--THE ABSORPTION COEFFICIENT OF OXYGEN AT SELECTED
WAVE LENGTHS AND TEMPERATURES
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Absorption coeflicient £ at -
noK | | T
=1,300A | X = 13504 XA = LA0DA | X = 1,450A ‘ A= 1L470A | X = 1,500A ‘ A =1,550A X = 1,600A ‘)\ = 1.6060A | A = 1,7UIA . A = 1,750A
A N E O .
TBest estimate; all states excited
300 0 0. 425 0. 985 0. 995 (. 940 1. 822 {0,583 ‘ 0. 335 } 0, 060 [0
Lo oL 424 L9387 L003 LR4T L 744 i 1Y) ; .31 | L104 i 053
2,000 | L. 400 RO A b L 670 . A90 | .47 | L3533 : 170 e
3000 | L. 359 674 L AN 543 95 L r 0 0 198 ‘ 143
4,000 L 207 L34 LA 483 45T L4222 . 360 L3038 ! 197 53
5,000 185 L2561 466 404 L3851 L3R 316 oy B \ .
G, 000 15% L2168 L3094 L343 L332 L307 L2700 . 240 V175 i L L]
7,000 L1300 189 .335 296 L 284 L2700 L2456 L2157 L1683 ‘ L 13%
8, 000 105 L 168 L2091 260 L2503 L 243 221 L1197 L1538 : L1132
9, 000 081 L1538 L2585 L2248 L2224 L2018 L2000 LIN2 i ; L1444 ‘ L1245
10, bOO | 058 140 L2227 L202 200 it 182 L1659 ‘ i 135 11
Corrected; all states excited ‘
- —— - S
! ! |
300 0 0. 4985 0. 995 0. 940 ! 0, 822 (. 83 i 0,335 ! 0. 135 1, 60 0.018 ‘
1,000 0 L9387 003 CR4T . 744 s i) ‘ L IR0 o4 L0583 ‘
2,000 0 LBO8 L7158 Rinil : L H80 471 i . 353 L2224 L0 12 ‘
3,000 0 674 AN 513 : 490 407 L 330 L2942 \ STU8 . 143
4, 000 0 . HhY ! LAX3 457 ! S422 . 360 303 L2487 ! ity L1583
5, 000 0 P O BT s 38 L L3I6 272 22 L 189 153
£, 060 i L3941 | L33 L3492 | 307 V215 240 S22 L17h LS
7,000 0 835 | L2us I I & 217 1RO 163 RES
], 000 0 L 260 253 | L2438 L2221 197 170 03 L1382
9, 000 [§] L22% 224 214 L2000 S182 10N EE) 125
10, 0ho 0 L202 200 197 CIR2 : L1649 Y L1356 1Y
i
TUncorreeted; all states excited
300 0.216 0. 545 0. 862 1. 000 ; 0.970 0. 870 0. 625 0. 370 0. 158 0.075 0.028
1,000 L25) PRt L K24 L 903 ‘ LE70 L%l . HRX L3387 2206 L1124 L0686
2, 000 .314 Rl L 706 715 ! H81 .62l L HOR L3NY L2549 2200 L1838
3,000 .335 L5610 LAY L3 i s LB L439 L 362 N 274 L 224 LT3
4, 000 L 338 454 LhL2 492 ! 471 . 436 L 383 . 328 H . 263 L224 LIRG
5, 000 L3820 .411 443 . 420 403 L30T L3346 L 204 ; L2344 .214 L 182
6, 000 L300 L3867 L3385 . 364 350 . 329 L2056 262 224 L200 P 178
7,000 L2068 326 L339 L3817 i 310 L2589 . 260 . 236 L2202 L 183 t 162
8,000 .253 L2095 L3303 .285 L2276 L2060 L2383 216 188 . 1649 L1558
9, 000 : . 230 .267 L2712 L2587 L2488 . 235 L212 L1958 173 15T Mt H
10, 000 r . 208 L245 L 246 L2382 ; L225 L214 .193 177 160 146 : L135 ‘
i i i
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I. THE ABSORPTION COEFFICIENT OF OXYGEN AT SELECTED

WAVE LENGTHS AND TEMPLERATURES

Absorption coeflivient i at -

Concluded

A=1,660A

0. 135
L1800
L2228
LT
L 246
L2389
L22N
L2145
L2058
it

LIRN

7, 'K : . o S e
A=1,3000 0 A=13MA  A=1400A A=LIS0A  A=14704 ‘ A=1,5004 } A=1850A | A=1,6004 3
Best estimute; XUPX ) state onl, exeited
3 0 0, 425 0. 485 ), Y9n . 0. 940 ‘ 0, N22 (1. 6K3
1,000 424 43T 0% SR ) 544
2,000 .40t K08 Bt BT0 j -
3. | . 370 L 690 ! L A6 ! ! 417
4,000 218 i 479 i 375
5, (K0 210 L33 AN | 343
6, (00 19 442 I U B Y] i 316
7,000 169 L 393 300 | .30 . P
%, (K0 150 .35 st L 3w 206
9, (K0 134 22 321 287 ‘ RU LI | 249
0,000 | 18 187 2 26w DI 232
I B ;
Correeted: X2 state only excited
300 0 0,425 0. 995 0, 440 0,822 0. 583 0. 335
1, 000 0 [ TR Y03 847 T 544
20K Lo [ s TEA 670 L 590 471
3,000 u JONT . 508 LR L 502 417 .
4,000 o 213 LA Enl .43 375 315
3,000 i AN 440 423 . 393 L34 22
6. 000 L N L 3%9 875 L35t 316 273
7,000 Lo BETE L350 L3130 .323 200 255
X, 000 o 0 B 1 .310 294 26 238
4,000 ) 2600 L8 28T 285 L272 249 224
10, (X0 0 14 22 1 o2 L 262 258 L2382 210
Uncorreeted; NGZ) state only exeited
300 Loz 0,862 1. 000 0.970 0. 870 0. 625 0,370
1,000 270 L824 903 K70 781 . 58N 387
2, (KH) 298 1} 716 681 _621 | 0K 38T
3,000 L339 [ 592 Niltrs L 524 447 . 364
4, 000 L350 531 L 5l4 A9 L 457 400 L3412
5,000 313 AN 455 437 .409 . 363 317
B, 000 .332 433 410 L3896 .372 . 332 L 295
7,000 L 316 I SR T .373 L8359 .341 . B0K 277
8, 000 L300 3366 L343 .331 . 314 L 285 260
9. 000 286 .335 L340 L3148 . 309 L 290 pI 243
16, 000 2T | 315 .314 L 300 L2NT L2738 L 24K 227
u

5.

0,135
L1R0
L 229
L2447
246
.23y
L2228
L21h
L2056
L1195
L INN

0. 158
205
L2569
L2279
L2760
L2267
.253
239
226
L2156
L2204

1 A=1,T00A

0. 060
L
170
S203
L2083
L2083
148
Rt
b
175

Nt

0, 060
104
L1730
2203
208
203
L1148
140
LK1
ATh

2170

0.075
L124
200
. 230
L 235
. 282
. 226
217
L2068
L1197
L 190

1

A=1,750A

0.018
L0583
L2
144
.10
L1685
L1165
L1683
L1588
L 15H

141

(L 01X
L0563
L1112
L 144
160
164
18R
L1683
L 158
L1556

151

0. 028
NI
R EL)
L 176
S103
. 196
196
L1493
185
180
L1973
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